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ABSTRACT

In this thesis we study symmetries of quantum field theory visible only at the non-perturbative
level, which arise from certain large deformations of the path integration contour. We exposit
the recently-developed theory of gg-characters [40] that organizes such symmetries in the case
of .4 = 2 supersymmetric gauge theories in four dimensions. We sketch the physical origin of
such observables from intersecting branes in string theory, and the mathematical origin as certain
equivariant integrals over Nakajima quiver varieties. We explain the main applications, including
the derivation of Seiberg-Witten geometry for quiver gauge theories and the relations to quantum

integrable systems.
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The A and B cycles in a 3-cut matrix model. The line segments denote the
cuts of y, and the plane shown is the complex x-plane. The dotted lines on
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branch of the square root appearing in y(x). The surface on the right comes
from gluing the two sheets together. Note the spectral curve is naturally non-
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is compactified to a hyperelliptic curve of genus 2. The noncompact version
is slightly more natural because the associated basis of relative homology
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Figure 5.1: In the case n = 1, we drop the « label because it is redundant and fixed points
are labeled by a single Young diagram such as the one above, corresponding
to the partition A = (7,5,4,3,3,2,1, 1), with conjugate A’ = (8,6,5,3,2,1,1).
Each box in the diagram corresponds to a one-dimensional subspace of K,
and K splits as an orthogonal sum over these subspaces—the top left box cor-
responds to I(N) and a box in position (i, j) corresponds to B’.I’IB?II (N).
The leg and arm length are computed as shown above. Also important is the

hook length 2(J) = ¢(00) + A(O) + 1, which will return later. . . . . . . . . 54

Figure 5.2: For the partition A = (7,5,4,3,2, 1, 1), the blue boxes are those in d_A, and
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CHAPTER 1: INTRODUCTION

Quantum field theory is an essential component of the description of nature at the fundamental
level, as it is the mathematical language used to describe the interactions of elementary particles.
It also is a natural framework for providing low-energy effective descriptions of various systems
relevant to condensed matter physics. Despite its ubiquity in theoretical physics, robust exact
results in quantum field theory are rare and signify that there is still much to be learned in this

mature discipline.

Because of this lack of exact results, it is desirable to search for simple examples of field theories in
which exact calculations can be performed. During the past twenty years of research in mathemat-
ical physics, much progress has been made on developing effective methods of exact calculation
in .4 = 2 supersymmetric gauge theories in four dimensions (see e.g. [54] for a review of recent
developments). We emphasize that in our study, the assumption of supersymmetry is a theoretical
idealization used to formulate tractable models, not a prediction that such a symmetry is realized in
nature. The key to exact calculations in these theories is the supersymmetric localization technique
(closely related to the possibility of performing the topological twist introduced by Witten [60]).
This allows a certain sector of observables, known as the BPS sector, to be computed exactly by
reduction of the path integral to a finite-dimensional integral. After subjecting these theories to
the so-called ()-deformation [39], [45], the resulting finite-dimensional integrals can be calculated
using the Atiyah-Bott localization formula in equivariant cohomology [1], [3], [13] which reduces

the integrals to sums over a set of fixed points of a group action.

Because of the ability to analyze .4~ = 2 theories at an increased level of detail, it is desirable
to search for evidence of deeper symmetries present within them. One type of symmetry which

would ordinarily be out of reach in quantum field theory is a symmetry related to changing the



instanton charge, that is, the topological sector of the field space (in the case of gauge theories in
flat space this means changing the second Chern class of the gauge field configuration). One finds
that the Ward identities for these symmetries of .4~ = 2 theories, referred to as non-perturbative
Dyson Schwinger equations, are naturally organized via a structure known as the gg-characters
[40]. Strictly speaking, this structure is understood for only a subclass of all possible .4 = 2

theories known as quiver gauge theories. In this thesis, we will consider only quiver gauge theories.

The gg-characters are remarkable objects with diverse applications. In this thesis, we exposit their
origin in the study of gauge theories. We begin in chapter 2 with a mathematical motivation, ex-
plaining some geometric aspects of representation theory. In chapter 3 we review aspects of the
solution of random matrix models at large N, as many of the gauge theory constructions can be
motivated as an effort to reproduce this kind of analysis in the case of .4/~ = 2 gauge theories.
In chapter 4 we recall the basics of .4~ = 2 supersymmetric gauge theories and define the quiver
gauge theories under study. In chapter 5 we explain the Atiyah-Drinfeld-Hitchin-Manin (ADHM)
construction of instantons [2] and the computation of the instanton partition function of the 4" =2
theories in the ()-background, the so-called Nekrasov partition function [39]. Finally, in chapter 6
we explain the generalization of the ADHM construction to the so-called moduli space of crossed
instantons [41] and introduce the gg-characters [40]. We explain some of the applications, in-
cluding the Seiberg-Witten solutions of the theories under study and a connection with integrable
systems via consideration of surface operators. The main objective of this thesis is the discussion
of chapter 6 reviewing gg-characters starting from their origin in geometry and gauge theory; the
majority of the document is an explanation of the technical background required to follow this

discussion.



CHAPTER 2: CHARACTERS AND GEOMETRY

In this chapter we provide mathematical context for some of the structures to appear later within
this thesis, namely relations between representation theory (specifically the theory of characters)
and geometry. The purpose is to provide mathematically inclined readers with some motivation;
for readers interested purely in quantum field theory this chapter may be skipped. As this chapter
is purely motivational, we do not attempt to make completely rigorous or general mathematical

statements.

Characters from Quantum Mechanics

Representation theory is the study of group actions on vector spaces by linear transformations, say
a group G acting on a vector space V (in this thesis we take all vector spaces to be complex). A
natural origin for such a situation within physics comes from quantum mechanics, where G may
be identified with the group of symmetries of a particular quantum mechanical system and V is
identified with the Hilbert space of the system in question. It is often the case that such a quantum
mechanical system arises from quantizing a classical phase space (X, ®), where X is a symplectic

manifold with symplectic form @, such that the group G acts on X in a way that preserves .

Given a representation V of G, which is realized as a homomorphism p : G — GL(V) where GL(V)

denotes the group of invertible linear maps from V to itself, one constructs the character

xv(g) =ty p(g). 2.1)

The character itself defines a homomorphism from the representation ring of G to the ring of

functions on G which are constant along conjugacy classes. If one denotes a set of local Darboux



coordinates for (X, ®) schematically by (g, p), then the phase space path integral expresses the

character (at least formally) in terms of the geometry of X:

xv(g) = /ym:g.y(m @p(t)%(f)exp{i/y*G} (22)

where 0 is a locally-defined one-form on X such that @ = d6, and the integral is evaluated over the
space of maps y: [0,1] — X, where y(r) = (¢(¢), p(¢)), subject to the twisted boundary condition
y(1) = g-y(0). In certain situations this path integral can be reduced to a finite-dimensional

integral.

One such situation is when G is a compact simple Lie group, and X = G /T is the so-called com-
plete flag variety of G (T denotes a maximal torus of G). Then X is in fact a Kdhler manifold
(in fact a projective algebraic variety), and one can apply the geometric quantization prescription
[63], [33] to quantize it. The cohomology class of the symplectic form @ is the first Chern class of
a G-equivariant holomorphic line bundle . over X—the integrality condition (Bohr-Sommerfeld
condition) in geometric quantization determines the topological isomorphism class of .’ uniquely
in terms of a weight A of G, so we denote the line bundle by %, . The Borel-Weil-Bott construc-
tion [52], [4] claims that, so long as A satisfies a positivity condition, the space of holomorphic
sections H(X, %, ) is an irreducible representation of G with highest weight 1. H%(X,.%; ) is also
identified with the Hilbert space in the geometric quantization setup, so in this way one produces

irreducible representations of compact Lie groups by quantizing classical phase spaces.

If %) is sufficently positive, then by the Kodaira vanishing theorem [22] the higher cohomologies
vanish, H(X,.#,) = 0 for i > 1. The character of the representation V = H°(X,.#,) can then
be evaluated using the equivariant version of the Grothendieck-Riemann-Roch formula. Because
characters are constant along conjugacy classes, it is enough to evaluate the character on a generic

elementt € T C G. We abuse notation and identify ¢ with the linear transformation representing its



action on a given vector space, in a hopefully obvious sense; then the T-equivariant index formula

reads

)Cv(l‘) = trHO(X,gl)t = Z(_l)itrH"(X,f;L)t = /X'[dT(X)ChT(g,l). (2.3)

i>0
tdr and chy denote the T-equivariant Todd class and Chern character, respectively, see for example
[50]. The finite-dimensional integral on the right hand side of the above equation can be interpreted
as a reduction of the phase space path integral using supersymmetric localization! but we will not

explore this interpretation further.

The objects td7(X) and chr (%) define elements of the equivariant cohomology ring H7(X).
Then the integral from equation (2.3) may be evaluated by the Atiyah-Bott fixed point formula [1],
and reduces to a sum over the fixed points of 7" acting on X. It is easy to verify that such fixed
points are in one-to-one correspondence with the elements of the Weyl group of G, denoted by W,
and if g = exp(u) for u € Lie(G) then the weights of the group action in the holomorphic tangent
space to X at the fixed point corresponding to w € W are (w- o) (u), where o € Lie(G)* ranges
over the positive roots of Lie(G) and w - o denotes the action of the element w € W on . Then

the fixed point formula reads (we use the notation t* := exp(a(u)) for a € Lie(G)*):

xv (t) B W;’V Hoc>0(1 - tiwha> B Wg’WS(W) Hoz>0(toc/2 - t—a/Z) . (2'4)

This is simply the Weyl character formula, where we denote the Weyl vector by p and € : W — Z;

is the sign homomorphism. We write & > 0 as a shorthand for o being a positive root.

'The problem has no obvious supersymmetry, but it enters upon recalling that the phase space path integration
measure is defined via the Liouville measure on X which is essentially the Pfaffian of @; upon representing this
Pfaffian via a fermionic path integral this system has a supersymmetry which acts on the fields as the equivariant de
Rham differential of the loop space of X, which is equivariant with respect to the U (1) symmetry rotating the loops.



Representation Theory from Geometry

The discussion in the previous section has produced characters of highest weight representa-
tions of a compact Lie group G by applying geometric quantization to the complete flag variety
G/T. The vector space furnishing the representation was obtained as a sheaf cohomology group

H O(G / T,,ZA), utilizing the complex structure of G/T in an essential way.

In (relatively) recent years, a new method to construct representations of Lie algebras has emerged,
which uses topological cohomology groups as opposed to sheaf cohomology groups, and replaces
the flag varieties G/ T by other objects with richer structure. For the purposes of this motivational
section, we do not explain the general theory, rather focusing on the special case of the sl Lie

algebra.

Fix an integer w > 1, and consider the smooth complex manifold T*Gr(v,w), for some integer v
such that 0 < v < w. Gr(v,w) denotes the Grassmannian of v-planes in C", and 7* denotes the
holomorphic cotangent bundle. This space is in fact a smooth hyper-Kihler manifold. Consider
the vector space

V= P H"YT*Gr(v,w)) (2.5)

0<v<w
where H™4 denotes the middle-dimensional topological cohomology. Then it is known (see [36]
for a review) that V is an irreducible representation of sl, with spin w/2. A key feature of the
construction is that the algebra of sl, acts by correspondences, that is to say, subvarieties Z C
T*Gr(v,w) x T*Gr(V',w) determine linear maps &z : H™4(T*Gr(v,w)) — H™4(T*Gr(v',w)) via
Poincaré duality and intersection pairing, and suitable choices of Z produce in this way generators

of sl, actingon V.

The manifolds 7*Gr(v,w) carry further structure: they are acted on by the group GL(w) x C*,



where the GL(w) action is induced by the natural one on C* and C* acts by scaling the fibers
of the cotangent bundle. One can consider another vector space, obtained by taking equivariant

cohomology:

EB HéL(w)xCX (T*Gr(v,w)). (2.6)

0<v<w
This vector space is a finite dimensional representation of an infinite-dimensional algebra known
as the Yangian of sl,, denoted by Y (sl,) [58]. There is a further generalization where one considers
the GL(w) x C*-equivariant K-theory of (the disjoint union over v of) T*Gr(v,w), which turns out

to be a representation of the so-called quantum affine algebra U, (;[2) [37].

Since the Borel-Weil-Bott method of producing representations has a transparent physical inter-
pretation in terms of a quantization procedure, it is natural to ask how the above kinds of repre-
sentations can be produced using physical ideas. In this thesis, we will present an example of a
physical system where these structures appear, the so-called .4~ = 2 supersymmetric gauge the-
ory with gauge group SU (n) coupled to 2n hypermultiplets in the fundamental representation. In
this construction, the Yangian Y (sl,) appears to be intimately related to deep symmetries of quan-
tum field theory. In fact, the quantum field theory constructions appear to generalize this story by

introducing an additional deformation parameter.

Another (more mathematical) question is if there is an analog of the formula (2.3) expressing the
character of the Borel-Weil-Bott representation in terms of the geometry of G/T via some kind
of equivariant integral (for us, an equivariant integral is an integral of an equivariant cohomology
class). One would like to express the character of the representations explained in this section in

terms of the geometry of 7*Gr(v,w). Quantum field theory once again produces such a formula.



CHAPTER 3: MATRIX MODELS AND LIMIT SHAPES

Before embarking on the study of the theories of interest, in this chapter we review certain con-
structions in the study of matrix models, that is, gauge theories in zero dimensions of spacetime.
These models are of great interest in their own right, but for our purposes they will serve as an

inspiration to study certain constructions in four-dimensional gauge theories.

Planar Diagrams and Spectral Curve

Matrix models are interesting toy models of quantum field theory because they are the simplest
theories with nontrivial large-N expansion, which can in turn be solved exactly at large N. The ex-
act solution involves the (classical) algebraic geometry of a Riemann surface known as the spectral
curve that characterizes the limiting behavior of the distribution of eigenvalues of these random
matrices as the size N of the matrix is taken to infinity. We briefly review this set of constructions
here. We provide some detail because a similar structure will be found in the gauge theories of

interest.

The partition function of the matrix model is defined as

_ 1 ~Luv(e)
2= om /[dcb]e . 3.1)

Here, ® is an N x N hermitian matrix and V (®) is an arbitrary polynomial of some degree d, called
the potential, which also plays the role of the action in this zero-dimensional theory. The action is
clearly invariant under ® — U®UT for U € U(N), a zero-dimensional gauge transformation. The
parameter g is known as the string coupling constant. If this were regarded as a zero-dimensional

Yang-Mills theory, the conventional gauge theory coupling constant would be related to it by gy =



g%M. It also plays the role of Planck’s constant, controlling the semiclassical expansion. The

measure is given by

[dcb]—z*]’[dcpu [I dRe®;jdimd;;. (3.2)

i=1 1<i<j<N

The volume of the gauge group simply sets the natural normalization for the gauge theory path

integral. It is straightforward to show that

N(N+1)
2 2
VolU(N) = 7 2(| ”).(N_l)!. (3.3)

The free energy F' = log Z of the matrix model is given as a sum over connected Feynman diagrams,
with Feynman rules depending on the choice of potential. In ’t Hooft’s double-line notation (see
e.g. [24], [64], [29] for a review), a Feynman graph with & index loops can be regarded as a
topological surface of some genus g with 4 disks removed, which has Euler characteristic y =
2 —2g — h. Summing over all topological types and denoting by Fyg j, the amplitude associated with

the graphs with genus g and 4 holes, the free energy has an expansion

28—2+h h
F(gs,N 8 ForN". (3.4

Following 't Hooft, one considers the limit N — o, g¢ — 0, with r = g¢N fixed. Then the free

energy has an expansion

F(gst) =Y g ?Fy(t (3.5)
g>0
with
t)=Y Fout". (3.6)
h>1

The 1/N expansion of the matrix model is naturally expressed as a sum over closed surfaces, with

the N2~28 contribution associated to a surface of genus g. In the N — oo limit at fixed 7, the surfaces



of genus zero dominate, and their contribution is given as the sum of all planar Feynman diagrams

in the matrix model.

These are statements of general validity in a large class of quantum field theories, and do not pro-
vide much insight into solving the matrix model. We turn our attention to this issue. From equation
(3.1) it is clear that the large N limit at fixed ¢, in which gz — 0, corresponds to evaluating the inte-
gral by saddle point approximation. To facilitate this one takes advantage of the U (N) symmetry
to convert the integral over matrices & to an integral over the eigenvalues A;, which introduces a
Jacobian factor given by the standard Vandermonde determinant. Equation (3.1) becomes, in these

variables,

Nl N
2= [ e 1 <zi—zj>2exp{—éizzlv<xi>}. G7)

1<i<j<N

. . N2 . . .
The integrand may be written as e~ > where we have introduced the effective action or Boltz-

mann weight

V(4) =2 Y log(2—4))% (3.8)

Ni<j

N
Sefr(Als s Ay) =

1

Ni 1
Note that the sum of N terms of order 1 is of order N, and recalling g; o< 1/N one sees that the
effective action is &'(1) as N — oo so the saddle point approximation is applicable to evaluate the
integral. The saddle point method is best thought of as taking place in the complex plane, so the
eigenvalues should be taken as complex and one should search for all possible complex critical

points—this is equivalent to allowing for a deformation of the contour in the integral over A;.

Differentiating (3.8) one finds that the saddle points must satisfy

(3.9

This equation describes an equilibrium condition for a Coulomb gas of N eigenvalues in the plane

subject to a one-body potential V (x). Eigenvalues tend to condense near the critical points of V,

10



spreading out into line segments due to the Coulomb repulsion.

To confirm this naive expectation, introduce the so-called resolvent Wi (x) via the equation (brack-
ets denote the expectation value with respect to the measure defined via the matrix model path

integral)

gsWi(x) = <gstrx_1q>>. (3.10)

We denote the planar limit of g;W; by Wy 1, given by

N
1
W()J(x)—gsizz‘ix_li (3.11)

where {A;}i—;.. n satisfy (3.9). Since g; is ¢(1/N) in the limit, and the sum is O(N), Wy 1 (x)

,,,,,

is 0(1). By deriving a quadratic equation for Wy 1 (x), one easily shows that in the large N limit

Wo.1(x) is given by

1
Wo (x) = 5(V/(x) =/ (V/(x))2 = 4 () (3.12)
where the quantity f(x) is a degree d — 2 polynomial defined by

N yy/ _v'(].
f(x) :gsZW- (3.13)
i=1 i

Wo.1(x) has branch point singularities where the polynomial inside the square root vanishes. This
polynomial is of degree 2d, so in the generic situation one finds 2d branch points which may
be joined by a choice of d cuts. This is the so-called multicut solution to the matrix model. To
complete the solution of the model, the d — 1 parameters in f(x) must be determined precisely. We

will return to this point momentarily.

11



It is useful to define the quantity
1o
—y(x) = 5V (x) = Wo. (x). (3.14)

Up to a factor of 2 and a sign this is the effective force felt by a probe eigenvalue at the position x
in the background of the equilibrium configuration. Then y(x) satisfies the algebraic equation

P =3V + ) =0. (3.15)

This defines an algebraic curve for (x,y) € C x C known as the spectral curve because the analytic
structure of the quantity y(x) encodes the spectrum of eigenvalues in the large N limit. Strictly
speaking, the spectral curve of the matrix model is a smooth Riemann surface determined by the

normalization of the possibly singular curve defined above.

The Spectral Curve and its Moduli

The spectral curve is hyperelliptic of genus g < d — 1. In the generic situation, g = d — 1, but
in general the curve may form singularities which decrease the genus by pinching cycles. The
geometric picture coming from the standard procedure of making the Riemann surface for y(x) by
gluing sheets along cuts is shown in Figure 3.1 for the generic situation in a 3-cut matrix model (a
curve of genus 2). Suppose there are d cuts and let A’ be the cycle wrapping the i-th cut clockwise.
Suppose there are N; eigenvalues at the i-th cut, so that the parameter ' = g;N; is finite as N — oo.

These parameters are not independent, but satisfy the constraint ¥,/ = ¢, where ¢ is regarded as a

12



By /Bz B3

A
Y

Figure 3.1: The A and B cycles in a 3-cut matrix model. The line segments denote the cuts of y,
and the plane shown is the complex x-plane. The dotted lines on the B-cycles denote the passage
to the other sheet, corresponding to the other branch of the square root appearing in y(x). The
surface on the right comes from gluing the two sheets together. Note the spectral curve is naturally
noncompact because y has poles at infinity, but by adding two points at infinity it is compactified
to a hyperelliptic curve of genus 2. The noncompact version is slightly more natural because the
associated basis of relative homology cycles is better suited to the matrix model problem.

fixed external parameter. Then one has

i1
OFy
3 —/Biy(x)dx. (3.17)

The cycle B; is noncompact and is chosen to be canonically paired with the A-cycle, running from
the cut to a point at infinity. Fy is the planar free energy of the matrix model. We are not precise
with the signs, 27 factors, etc in these equations. These type of equations are known as special
geometry relations and are ubiquitous in string theory and supersymmetric gauge theory [8], [51].
The parameters # are known as the filling fractions and there are d — 1 independent ones. Fixing

them to prescribed values determines the form of f(x) via the above relation.
The special geometry relations determine the solution of the matrix model-Fy is the sum of all

13



planar Feynman diagrams—purely in terms of the geometry of the spectral curve. These equations
are closely analogous to the Seiberg-Witten geometry of .4~ = 2 supersymmetric gauge theories,

and it will be shown in a later chapter that this analogy is quite literal.

Reformulation: Loop Equations

With the hope of generalizing some of these constructions to more general quantum field theo-
ries, we reformulate this discussion in terms of Dyson-Schwinger equations for the matrix model
known as loop equations. As usual with Dyson-Schwinger equations, the loop equations arise by

integration by parts in the path integral. One begins with (implied sum on i, j)

0= /[dcb] 8;}_ (e—é”(@(@”)ij). (3.18)

One can then sum this relation over p weighted by x #~! to obtain the following equation for the

generating function W (x) introduced previously:

(1 =2)) =&V @Wi() - () (3.19)

This is known as the loop equation. The object f(x) is now defined by

V'(x)=V'(P) > (3.20)

f(x):gs<tr D

In the planar limit this reduces to the definition of the previous section. If one introduces the

operator

Y (x) = gotr (x_lq)) ~ V(%) 3.21)
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then the loop equation may be interpreted as the statement that (Y (x)2> is a polynomial in x. In the
planar limit, due to large N factorization one has (Y (x)?) — (¥ (x))? and in this way one recovers
the spectral curve of the previous section. It is important to note that the loop equations hold
independent of any large N limit, and give rise to the spectral curve only as an effective, emergent
object in this limit. The loop equations can also be extended to an infinite family of equations
which allow one to recursively determine the 1/N? corrections to the matrix model to any desired
order of the large N expansion via a framework known as the topological recursion, but we will

not elaborate on this further—see for example [14], [16].

The point of this analysis is that the Dyson-Schwinger equations of the matrix model can be recast
using an operator Y (x) which has poles when x is an eigenvalue of the random matrix ®, and

organized as the statement that (¥ (x)?) has no poles in x.

Application to Random Partitions

The localization technique for supersymmetric gauge theories, to be explained in subsequent chap-
ters, reduces partition functions of these theories to sums over discrete objects known as Young
diagrams or partitions. In this section we illustrate that these sums over partitions can sometimes
be rewritten as the partition function of a matrix model, which allows one to directly apply the
machinery developed thus far to analyze the limiting behavior of such sums. This will be applied

in later chapters to arrive at the Seiberg-Witten geometry of a large class of gauge theories.

A partition A is defined as a nonincreasing sequence of positive integers A; > Ay > ... > Ay > 0,
and can be represented by a Young diagram. The quantity |A| is the number of boxes in the Young
diagram, and is given by

A| = Z?L,—. (3.22)
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The length of partition /(1) is the number of nonzero integers in the sequence; we consider parti-
tions such that £(1) < N, and take N — oo at the end. It is customary to define the related sequence
h; = A; — i+ N, which satisfies h; > hy > ... > hy > 0. Geometrically, if one puts the Young di-
agram at 45° to horizontal, the h; represent the x-coordinates of the outermost boxes (see Figure

3.2).

h7he hs hy hz hy Iy
A=(865321,1)
hl‘:)\l‘fl'+%

Figure 3.2: Young diagram corresponding to partition A = (8, 6,5,3,2,1, 1), drawn in the “Russian
convention" along the diagonal. The A; that appear in the figure differ from the 4; in the problem
statement by some trivial translation by N — % The piecewise linear curve in bold along the
boundary of the diagram is known as the profile of the partition A. In the limit of large partitions,
after some rescaling it converges to a more general (no longer piecewise linear) Lipschitz function

on an interval.

The partitions with k boxes index the irreducible representations of the symmetric group Si [17].
The partition A corresponding to the sequence {A;};,—; . n in turn corresponds to an irreducible

representation of dimension
[Ticj(hi — 1))

dimA = [A|! i

(3.23)
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It is a standard result, valid for any finite group G, that

G| =Y (dimR)? (3.24)
R

where |G| denotes the number of elements of G and R runs over the set of irreducible representa-
tions of G. Therefore the quantity

(dimA)?

7 =5

(3.25)

defines a normalized measure on the set of partitions with k boxes, known as the Plancherel mea-
sure. Consider the partition function for the “Poissonized" Plancherel measure on partitions of
length at most N:

o =2k

z(gs,N):Z‘,gST Y 2. (3.26)
k=0 " |A|=kL(1)<N

It is clear that the N — oo limit of Z with fixed g, is simply e!/$, since the Plancherel measure
is normalized. In order to find something nontrivial, one must consider a limit with N — oo and

gs — 0 simultaneously, motivating the analogy with matrix models.

Consider the matrix model-like partition function (expressed as an eigenvalue integral)

_ 1! N T 2 TTol
Z(gs»N) _Wﬁ’\’d Xg(xl XJ) II:II(,D(gS) (3.27)
where
I'(— .
o(x) = %e””‘gs =l (3.28)

The integral above is taken for each eigenvalue x; lying along a contour Y which encircles the
positive real axis. The integral can therefore be evaluated by residues. Note that T'(x+ 1) is

nowhere-vanishing on the positive real axis, so the only poles of ¢(x) come from the poles of
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I'(—x). These occur at each nonnegative integer n > 0, and we recall the asymptotics

r € — 3.29
(-n+e) n' € (3-29)
for € — 0. Evaluating the integral by residues one finds
N(N 1) 2h;
Z(gs.N) Y T](hi—h; 2Hgs
hi>0i<j (3.30)
_ VN y [Ticj(hi — hj) 2%k

(h:1)2 s
hy>hy>...>hn>0 Hz (h,)

To go from the first to second line, we have noted that we have invariance under the symmetric
group Sy and used this to choose an ordering of the 4’s so that the sum coincides with a sum over
partitions—note that terms with h; = h; with i # j do not contribute because of the Vandermonde
determinant. Now we recall h; = A; —i + N, so

Zh_w (N“) N2:|?L|+w. (3.31)

The integral is then

— Hi< '(hi_hj)2
Z(g5,N) = o A iy \" )
=22

= Y &-20
wiyen M

(3.32)

This reproduces the partition function defined via the Poissonized Plancherel measure. The matrix
integral representation (3.27) provides a method for extracting the interesting asymptotics of the

Plancherel measure.

To determine more precisely the scaling limit encoding these interesting asymptotics, note that for
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large N, Z is a sum of terms

—2k
8s

s exp(—2kloggs —logk!). (3.33)

To be accessible via the matrix model, this sum should be dominated by a saddle point as g; — 0.
Clearly, for the terms to balance £ must be large and we may use the Stirling formula logk! ~

klogk — k, and we see a saddle point exists provided

ko (3.34)
85

Recalling that in terms of the partition A, k = |A|, which is the area of the region enclosed by the
Young diagram (in units where the boxes have unit length), we see that the partition is becoming
large with an area that grows like g; 2 for g, — 0. This means that its length goes like £(1) ~ 1/g;,
so the large N ’t Hooft asymptotics of the matrix model captures the regime where the sum is
dominated by large Young diagrams, and the saddle point dominating the sum is referred to as the
limit shape. The ‘t Hooft parameter t = g¢N just sets the units of length of the limiting partition. It

may be set to any convenient value. We will choose such a value shortly. To find the precise form

of the limit shape, we evaluate the matrix model for Z(gy,N) in the ’t Hooft large N limit.

Note that the potential for the matrix model is given by Y ;log @ <4), and we only care about the

Xi
8s

leading piece as gg — 0. Since

_ r(_x) inx —2x—1
<P(X)——r(x+1)e g5 (3.35)

the g¢ — 0 behavior can be obtained from the Stirling formula:

[(x+1)~x‘e " V2mx (3.36)
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for x — co. Applying this formula, one finds

2 2
(P<£> ~ exXp ——xlogx+—x+... (3.37)
gs gS gS

where ... denotes terms less singular in g;. This means that the g — 0 asymptotics of Z is con-

trolled by the matrix model

/deH(xi_xj)ZengZiv(xi) (3.38)

i<j
where the potential is given by V (x) = 2xlogx — 2x, so that V'(x) = 2logx. To solve the matrix
model, we introduce the planar resolvent, expressed in terms of an effective eigenvalue density (a
continuous function with compact support) p(y) as
1 y
Worlx) =gy —— = t/dy@. (3.39)
i l

X

.....

large N limit of this expression, where the eigenvalues coalesce into a cut with some density p (x)
that will be presently determined. The resolvent clearly has asymptotics Wy 1 (x) ~ )% for x — oo,
and is analytic in the x-plane with a branch cut singularity along the support of the eigenvalue

density.
The saddle point equation may be expressed in terms of the behavior of the resolvent across its cut
as (see for example [29], [15])

Wo.1 (x+i07) +Wo 1 (x+i07) = 2logx. (3.40)

In this equation, x must be taken to lie along a cut of Wy ;. The potential V (x) has a unique
minimum at x = 1, so we expect a one-cut solution. To solve this equation, we note that if V (x)

were a polynomial, the above equation would state that Wy 1 (x) was single-valued on a two-sheeted
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ramified covering of the x-plane, so to this end we introduce a coordinate z on such a cover via the
Joukowsky map:

x(z) = a+5<z—|—%). (3.41)

The sheets of the covering are exchanged by the map z — 1/z. The parameters o and  will be
determined by the solution of the saddle point equation; they characterize the location of the cut
occupied by the eigenvalues. In terms of z, Wy 1 (z) ~ é—’z as z — co. An obvious ansatz for Wy 1 (z)

with the correct asymptotics and singular behavior is

W (z) = 2log <1+é). (3.42)

The saddle point equation (3.40) now determines o and B—substituting the ansatz yields:

I
+

B2 (3.43)

NI Q

t
B
These equations have the solution f = v2t, a = 1+ %, and from this we determine that the cut

has endpoints a = 1 + % —\2tandb=1+ % ++/2t. This completes the solution of the matrix

model; for definiteness the resolvent is given as

Woi(2) = 2log (1+ \@9 (3.44)

To find the limit shape of the large partition, recall that the eigenvalues x; are related to the variables
h; by x; = gsh;. The profile of the partition as a function of the index i is given by A; = h; +i— N, and
we want the rescaled version /7tl- = x; + gsi —t. To make sense of gsi we note the following: the index
i as a function of x is simply the number of /;, or equivalently the number of eigenvalues, which are

to the right of that given value of x (the reader is encouraged to revisit Figure 3.2 if this is unclear).
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Since, in terms of the individual eigenvalues, the density is given by p(x) = & ¥;8(x —x;), the

index i(x) may be calculated as

b
i(x) =N / p(X)dx (3.45)

where b is the upper endpoint of the cut. This continues to hold true in the gg — 0 limit, and one
has for }Li:

b
iy =x—1+1 / p(x)dx'. (3.46)

In principle, the relation i(x) could be inverted and then the above equation could be used to plot A
as a function of gsi. However, it is much more illuminating to consider the partition rotated by 7,
which is given by 7L,~ + gsi plotted against /7L,- — gsi—to this end, introduce the variable u = Z,- — g5l =
x —t and consider plotting

- b
A+ gsi :x—t+2t/ p(x)dx (3.47)

as a function of u. This will give the limit profile f(u), that is f(u) = A;(u) + gsi(u).

To finish the calculation and determine f(u) in closed form, all that remains is to determine the
eigenvalue density p(x). p(x) is given by the discontinuity in Wy (x) across its cut in the x-plane,

so we must first determine Wy 1 as a function of x and then calculate its discontinuity.

The first step is simple, as one simply inverts the map x(z) above to obtain z(x):

%:%(x—a— (x—a)2— B?) (3.48)
so we find
1 t 1\?2
Wo,l(x):2log(1+§(x—1—§—\/(x—1—§) —2t>>. (3.49)

Recall that ¢ plays essentially no role in the problem other than setting an overall scale, so we may
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set it to a convenient value, say t = 2, so that the resolvent simplifies to
1
Wo.1 (x) = 2log (%C — 3V —4x>. (3.50)

With this value of 7, the cut is at x € [0,4] C R. We may compute the eigenvalue density from the

discontinuity as

p(x) = %Imlog <§ + %\/ 4x—x2> = lalrc:tan <4x——x2) = %arcsin (\/42?6) (3.51)

T X

To further simplify this we can use some trigonometric identities

poroin (V57)

p(x) = —aresin

= %arCCOS (COS (2 arcsin (\/42Tx>)) (3.52)

1 (x—2>
— — arccos
27 2

1 ) (x — 2>
— arcsin .
27 2

1
4
From this we easily compute

4 2— -2
gsi(x) = 2/ p(x)dx' = T % aresin <
X 2 T

1
>+; 4-(x—2)2. (3.53)
From this we conclude, recalling u = x —2 and f(u) = u+2g,i(u):
2
Fu) = E(\/4—u2+uarcsin (g)) (3.54)

This is the famous Logan-Shepp-Vershik-Kerov profile [27], [59]. The point of relevance of this
construction is that sums over random partitions with Plancherel or Plancherel-like measures tend

to be dominated by limit shapes, which are large partitions that can be characterized by their limit-
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ing profile function. This profile function gives rise to a Riemann surface, in this construction it is
simply the spectral curve of the underlying matrix model. In later chapters this will be understood

as the mechanism producing Seiberg-Witten geometry of gauge theories.
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CHAPTER 4: SUPERSYMMETRIC GAUGE THEORIES AND
TOPOLOGICAL TWIST

We now define the gauge theories to be studied for the remainder of this thesis. They have .4/~ =
2 supersymmetry in four dimensions, that is, eight real supercharges. Supersymmetric theories
are considered solely for convenience because it is possible to perform exact computations in
these theories. The present chapter will deal primarily with formal aspects of these theories and
their Lagrangian descriptions, while the subsequent chapter will explain how to solve them using
the localization technique. We begin with pure .4 = 2 supersymmetric Yang-Mills theory, then
explain the topological twisting procedure, and then explain how to produce a large class of .4/ =2
theories by taking orbifold projections of the .4#” = 4 supersymmetric Yang-Mills theory. We
neglect factors of 2pi,i etc in many of the formulas in this chapter because the explicit forms of the
Lagrangians are not relevant for the subsequent analysis; the purpose of this chapter is merely to
provide background for readers who are familiar with quantum field theory but less familiar with
the intricacies of supersymmetry. We do assume a basic familiarity with supersymmetry, for an

introduction to see for example [53], [7].

Pure 4" = 2 super-Yang-Mills

The simplest way to construct supersymmetric gauge theories with extended supersymmetry is to
start with a minimal supersymmetric theory in a higher dimension, and dimensionally reduce (i.e.

compactify on a torus of zero size) to the dimension of interest.

The minimal supersymmetric Yang-Mills Lagrangian may be written as (the following discussion
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takes formulas from [7])

i
uv
3 trFy F57 + 5

8ym 8ym

L =-

AT, DAL, 4.1)

Here, A denotes a fermionic field in the minimal real spinor representation S of the group Spin(1,d —
1) of spacetime symmetries in dimension d and in the adjoint representation of the gauge group,
which we take to be SU (n) for simplicity. ng denote the coefficients of the essentially unique
symmetric Spin(1,d — 1)-equivariant morphism of representations I' : S® S — V, where V denotes
the defining representation of SO(1,d —1). Fyy = duAy — dvAy + [Ay,Av] is the field strength of
the gauge field Ay. tris taken over the gauge indices, and D, denotes the covariant derivative in

the adjoint representation.

This Lagrangian is supersymmetric in d = 3,4,6, 10 with supersymmetry variations parameterized
by a spinor n%:
0Ay = n“I’ZbAb

L 4.2)
62{& - En ruaCrXbF‘uv.

The objects THac are the coefficients of the dual morphism [:S*®S* — V, which satisfy the
Clifford relation Th.I'Ve? 4-TY THeb — 26HV§D where gMV is the inverse of the Minkowski metric.

Associated to this symmetry is a conserved charge O, which transforms as a spinor.

In six dimensions, the minimal real spinor has eight real degrees of freedom, and therefore the
dimensional reduction of the above theory will produce a theory in four dimensions with eight
supercharges, that is, .4 = 2 supersymmetry, which is simply .#” = 2 supersymmetric Yang-Mills

theory.

There is a somewhat subtle point when dealing with real spinors in d = 5+ 1, owing to the fact that
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the irreducible complex spinor representations of Spin(1,5) are pseudoreal. The reality condition
on fermions can only be imposed after doubling the fields, that is to say the fermions A ind =5+ 1
carry indices as A%/, where a is the index for the (say) left-handed chiral spinor representation,
ranging froma = 1,...,4 and I = 1,2. The reality condition then reads ( jab are the coefficients of

the quaternionic structure of the spinor representation)
(A9 = j*, e A, (4.3)

Note that this equation is Spin(1,5) x SU (2)-equivariant, so that / can be thought of as an SU(2)
index. This is the so-called symplectic Majorana condition. It is necessary to consider the sym-
plectic Majorana spinors in what follows since the general supersymmetric action discussed above

is written for a minimal real spinor.

Upon reduction to d = 4, the six-dimensional supercharge descends to a pair @/, of four-dimensional
supercharges, such that (Q%,)" = Q;a (using the standard dotted/undotted notation for four-dimensional
chiral spinors). The six-dimensional supersymmetry algebra reduces to the .4/~ = 2 supersymme-

try algebra in four dimensions. The momentum P, + iP5 descends to the central charge Z of four-
dimensional supersymmetry, and the BPS states in four dimensions correspond to the massless

states in six dimensions.

With the details of the fermionic fields addressed, the field content of the pure .4~ = 2 super-
symmetric gauge theory is simple to analyze. The six dimensional gauge field Ap; reduces to a
four-dimensional gauge field A, and two scalars A4,As, which may be combined into a single
complex scalar ¢ in the adjoint representation. The six-dimensional spinor A%/ reduces to a pair
of four-dimensional Weyl fermions A%/, also in the adjoint representation. Their adjoints Z{a are
right-handed Weyl fermions. The group SU(2) acting on the I index is a global symmetry of
A = 2 super-Yang-Mills theory known as R-symmetry, which we denote by SU(2);. The field
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content is a representation of .4/~ = 2 supersymmetry known as the vector multiplet.

For completeness, the Lagrangian of the .4~ = 2 supersymmetric Yang-Mills theory is (ignoring
irrelevant factors including the coupling constant glz/ 1> interested readers may perform the dimen-

sional reduction explicitly to find the factors):

1 v f 112
L = wFuy PP D0 D g — e 0,9 |

a0 (4.4)
—itrZ[ﬁO'sBD”kal—|—i8a[g81]tr)ta1 [(])T,Aﬁj} +c.c.

The objects 0'5 5 are well-known, they are simply the gamma matrices acting on chiral spinors. In

addition to this piece, the well-known 6 term should be added to the action, most conveniently

expressed as

0

where Fy = dA 4+ A AA is the 2-form representing the field strength of the gauge field A. In

supersymmetric theories, it is useful to introduce the complexified coupling

0 4xui
r=— 4+ 4.6)
21 g&vm

Many quantities of interest will depend holomorphically on 7.

Topological Twist

The key to performing exact calculations in .4~ = 2 supersymmetric theories is the topological
twisting procedure introduced by Witten [60]. The procedure of topological twisting can be moti-
vated by the desire to define a supersymmetric theory on a curved spacetime background—without

modification, the theory will be supersymmetric on a curved manifold only if the manifold admits
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covariantly constant spinors. The procedure of twisting alters the way that the theory couples to

gravity so that there is a scalar supercharge on an arbitrary curved background.

Concretely, the way this is done is as follows. Coupling to gravity can be thought of as gauging
the Lorentz group. The Lorentz group for a Euclidean theory is Spin(4) = SU(2)1, x SU(2)g. For
A = 2 super-Yang-Mills, we also have the R-symmetry SU(2); and may consider the action of

the full group SU(2), x SU(2)g x SU(2);.

The twisted theory is produced by defining SU(2)}% to be the diagonal subgroup of SU(2)g x
SU (2); and treating the group SU (2), x SU(2)% as the “Lorentz group" of the theory. Practically,
this means replacing the index I of R-symmetry by & of SU(2)g. In flat space, where the Lorentz
group is not gauged, this is just a change in notation that reorganizes the same field content. How-

ever, the new organization is quite powerful for exact calculations.

It is useful to understand how the various fields in the theory behave after twisting. The left-handed
fermions A* are replaced with the object AO‘B, which is an object in the (% %) representation of

SU(2) x SU(2), in other words a four-vector y,.

Likewise, the right-handed fermions A4 become an object in the (0,1) ® (0,3) = (0,0) & (0,1)
representation of SU(2) x SU(2), which is the same as a scalar 7 together with a self-dual' two-
form x;[v. Note that the twisting procedure takes place in Euclidean signature, where all fields are
naturally complex and the reality conditions of Minkowski signature must be relaxed—thus, Ag; is
no longer the complex conjugate of a left-handed fermionic field, it is regarded as an independent

entity.

'Depending on one’s convention for the Lorentz group, self-dual may be replaced with anti-self-dual here. The
two choices are related by parity, which exchanges SU (2),, and SU (2 ).
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Similarly, the supercharges of the theory are reorganized as

0. 0l — 0. Gy, 04 (4.7)

The scalar supercharge generates a fermionic symmetry & of the field space which satisfies § = 0

up to gauge transformation. The action of the theory may be written as
§ = (topological term) + 6/ ...). 4.8)

Treating 6 as an exterior derivative on field space, by usual integration by parts arguments the
0-exact terms decouple. This fact can be used to show that the correlation functions of the twisted

theory on an arbitrary four-manifold produce the so-called Donaldson invariants [60], [9].

The supersymmetry of the twisted theory is most conveniently represented by introducing an aux-
iliary self-dual two-form field H™, in which case the supersymmetry variations under the scalar
supercharge 0 take the form (all fields are written in differential forms notation in these equations,

and we replace the notation ¢ with ¢):
SA=vy S¢p=0 Syt =HT

Sy=Drp 8¢=n SH" =[x".0] (4.9)

The action of the theory may be rewritten in the twisted formalism as (we are again imprecise with
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numerical factors)

-
S=— 71'1’1'/ trFqa A Fy
812 JRe
5 (4.10)
+5</4_trl///\*DA<l3+trn*[(ﬁ,¢]—tr%+/\(FAJ“—&TMH*)).
R

Note that all metric dependence in the action is 0-exact and hence decouples, which is responsible
for the name topological twist. In this equation, F A+ denotes the self-dual part of the two-form
F4. After integrating out the auxiliary field H, this action agrees with that above for .4 = 2
super-Yang-Mills when both theories are defined in flat space, up to the changes in notation due to

the twisting.

Consulting the discussion in, e.g. [5] one recognizes the supersymmetry variation 0 as represent-
ing the equivariant de Rham differential on the space <7 of all connections on an SU (n) principal
bundle over IR*, equivariant with respect to the infinite-dimensional group ¢ of gauge transfor-
mations (automorphisms of the principal bundle). The fields are organized into multiplets of the
8-symmetry as (A, ), (¢,0,1),and (x,H™), and one recognizes the §-exact piece of the action
as essentially representing a supersymmetric delta function supported on the locus F A+ = 0, mod-
ulo the action of the group ¢. This is one way to define the moduli space of instantons in gauge
theory, which is actually a finite dimensional space (strictly speaking this is true when gauge fields
are considered within a fixed connected component of .7, that is, gauge fields have fixed second
Chern class or instanton charge), so in this way the path integral reduces to a finite-dimensional

integral.

Introduce the space

M (ko) ={Ae€ A|F =0, co =k}/% (4.11)

where ¢; = 81? Jtr(Fq A Fy) denotes the second Chern class of the gauge field configuration. The
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quotient is with respect to the group %. of gauge transformations which approach 1 at infinity.
This space is known as the moduli space of framed instantons. For an elementary introduction to

instantons see [53].

We address one subtle point closely related to the framing of the instantons. Strictly speaking,
D,¢ is a generator of a transformation in 4., only if @ — O at infinity. However, this is not
necessarily the case. As is evident from &(trn[¢,¢]) = tr[g, (23]2 -+ ..., for the physical choice of
integration contour over the scalar fields in the path integral with ¢ = ¢ the vacua of the theory
are at [¢,¢T] = 0, which are the set of ¢ diagonalizable by a gauge transformation (recall the
gauge group is SU (n) gauge theory for some n). Without loss of generality the asymptotic value
of ¢ is set to P = diag(al, ...,an) where ay are complex numbers, & = 1,...,n which sum to zero.
It is only the nonzero modes of ¢ which are integrated over in the path integral-the a, stay as
fixed parameters describing the vacuum of the theory (more mathematically, they characterize a
boundary condition on the fields integrated over in the path integral). The notation a = (ay,...,a,)
is convenient. These parameters are also referred to as Coulomb moduli. This means that the path
integral represents a supersymmetric delta function along F A+ = 0, and implements a quotient only
by the group %... The zero modes of the scalar field become equivariant parameters (in the sense
of equivariant cohomology [56], [23]) for the group G of constant gauge transformations acting

nontrivially on .# (k,n).

The path integral therefore reduces to an integral over the space .# (k,n), where the integrand is

2T

determined by the surviving zero modes of the fields (introduce the notation q = e and recall

that one must sum over all instanton numbers—note F A+ = 0 has no solutions for k negative):

Z(arq) = qk/ o 0(8(V(6).)) (4.12)
kg() A (kn)
In this equation, g is the metric on .# (kn) inherited from the field theory action (which is the
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same as the one inherited from the natural metric on <), V(@) is the vector field on .# (k,n)
descending from D@ = [A, @] that generates constant gauge transformations, and finally  is
the zero mode of the field of the same name that has survived the projections. This reduces the
problem of computing the gauge theory partition function to a problem of integrating over the

moduli space of instantons. In the next chapter, the evaluation of these integrals will be explained.

ADE Quiver Gauge Theories

In this section, we briefly sketch a construction of a large class of .4~ = 2 supersymmetric gauge
theories which have their origin in .4~ = 4 supersymmetric Yang-Mills theory, known as ADE

quiver gauge theories. In fact, the natural home of these constructions is within string theory.

The starting point for the construction is the .4~ = 4 supersymmetric Yang-Mills theory, which is
obtained from dimensional reduction of the minimal supersymmetric theory in d = 9 + 1 to four
dimensions. To analyze the field content, one restricts to the subgroup Spin(1,3) x Spin(6) C
Spin(1,9). Since Spin(6) =2 SU (4), the theory has an SU (4) global symmetry, which is identified
as the R-symmetry of .#" = 4 supersymmetry. The supercharges carry indices as Q',, where i =

1,...,4is an index for SU (4).

The vector multiplet for .4~ = 4 supersymmetry is obtained by reduction of the vector multiplet
from 9 4 1 dimensions. The ten-dimensional gauge field becomes a four dimensional gauge field
A and six scalars which transform as the vector of Spin(6), so the scalars organize into a two-
index antisymmetric tensor of SU(4) denoted ¢/. The fermionic content of the theory consists of
four Weyl fermions A% transforming as the fundamental of SU(4). All fields are in the adjoint

representation of the gauge group, which we take to be U (n) for simplicity.

To reduce the supersymmetry, one chooses a discrete subgroup I' C SU (4) and restricts to only the
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[-invariant fields. It is useful to rescale the rank of the gauge group to consider the U (n|T'|) gauge
theory. The centralizer of I inside of SU(4) dictates how much supersymmetry is preserved. Fix
a subgroup I' C SU(2) C SU(2) x SU(2) C SU(4). This choice will preserve SU (2) R-symmetry

and therefore produce an ./ = 2 supersymmetric theory.

Discrete subgroups I' C SU(2) have an ADE classification (for more detail on some of what fol-
lows, see for example [46]), so the resulting quiver gauge theories are referred to as the ADE quiver
gauge theories. To obtain any interesting structure, the discrete symmetry I' must be related to the
gauge symmetry. A canonical way to do this is to realize the gauge group U (n|T'|) as acting on
the vector space C" ® C'l, and interpret the second factor as the regular representation of I'. The

regular representation decomposes into the irreducible representations of I' as

cltl = @ C% @ R; (4.13)

ierv
where a; = dimR; is the dimension of the irreducible representation R;, and I'V denotes the set
of irreducible representations of I'. It is also important to note that, if 7 denotes the defining

representation of SU(2) regarded as a representation of I, then
ToR = ) CY R, (4.14)
jerv

where A;; is the adjacency matrix of the corresponding ADE affine Dynkin graph, where the ADE
type is determined by I'. The main case we consider in future sections is I' = Z,, |, which leads
to the affine Dynkin graph of type Kr. In what follows, we use in an essential way the McKay
correspondence, which (among other things) identifies the set 'V with the set of vertices of the

affine Dynkin graph of the same ADE type as I'.

With these notations, the fields decompose as follows. The gauge field A, transforms trivially un-
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der R-symmetry, so the projection onto the I'-invariant part (i.e. the restriction to Endr (C" ® Clly)
produces a set of gauge fields Ai”, where i € TV runs over the set of irreducible representations
of I', or the vertices of the corresponding affine Dynkin graph. The gauge group is reduced to
[Lierv U(na;), so there is one unitary gauge group factor for each vertex of the corresponding

Dynkin graph.

The scalars transform nontrivially under R-symmetry. Introduce indices (A,I), both taking the
values 1,2, associated to the subgroup SU(2) x SU(2) C SU(4). The index A will be “eaten” by
the orbifold projection, while the index I survives as the SU (2) R-symmetry index in the resulting
theory. Then the scalars ¢’/ decompose under SU(2) x SU(2) as two real scalars transforming
trivially, and a complex field Q4; which inherits the reality condition (Qu;)" = €8¢/’ Qp; from
the fact that ¢/ is in a real representation of SU(4). The two real scalars may be combined into a
complex scalar @, which decomposes exactly as the gauge field to a set P! of scalars labeled by
the vertices of the corresponding ADE Dynkin graph. These are simply the scalars of the .4 = 2

vector multiplets built on the gauge fields Aj;.

The other scalars decompose according to (in fact there is an SU(2) R-symmetry doublet worth
of each field, but we suppress the index / because it is acted upon trivially by I, alternatively the

I =2 fields are essentially the complex conjugates of the I = 1 fields due to the reality condition):

Homr(C" @ C", 7 @ C"® C') = @D Homr (C™ @ R;, C"/5 @ Ry
i,j.k
= @D Hom(C",C") @ CA.
Lj

(4.15)

We have used the fact that A;; is a symmetric matrix. Under the McKay correspondence, the
nonzero entries of A correspond to the edges of the affine ADE Dynkin graph, such that A;; con-

nects vertices i and j. Call the graph 7, its set of edges Edge,, and its set of vertices Verty. Orient
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the edges such that each edge e has a source s(e) =i € Verty and target #(e) = j € Verty. Then one

has, for the decompositon of Qa:

B Hom(C"%),C %) ®Hom(C"%e),C"*()). (4.16)
ecEdge,

Thus, to each edge of the Dynkin graph one has a pair of complex scalars (Q,, Qe), transforming
in dual bi-fundamental representations of the gauge group—if Q. connects vertices i and j, and
the graph is oriented such that 7(e) = j, then Q. is in the fundamental of U (na;) and the anti-
fundamental of U (na;), and vice versa for ée. The reality condition on the original set of Q’s

implies that the pair
Qe

-0;

(4.17)

transforms in the doublet of SU(2) R-symmetry. This is the bosonic field content of the so-called
A = 2 hypermultiplet, which plays the role of a matter field in the .4 = 2 supersymmetric con-

text.

The fermions are simple to analyze now that these cases have been worked out. The fundamental
of SU(4) decomposes into the direct sum of the fundamental of each SU(2) factor of SU(2) x
SU(2) C SU(4), so the fermions transform under SU (2) x SU(2) as A%A, and A%/, The fields 1%/,
after orbifold projection become a set A%/, i € Verty of vector multiplet fermions, transforming as
the doublet of SU(2) R-symmetry. The fields A% decompose as the scalars to pairs of fields
(y&, y&) for each edge of the Dynkin graph, transforming in dual bi-fundamental representations
of the gauge group. These fields are the hypermultiplet fermions, and they are acted on trivially by

R-symmetry.

The Lagrangian for .4#” = 4 supersymmetric Yang-Mills theory is, again neglecting numerical
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factors,

1 N N
L~ —ZtrF,WF“V + & tr Du ¢ DM M — 511 Enpg tr 97, 9™ [¢kl,¢pq]
(4.18)

—itr/‘lfcsgBDu/l“”+saﬁs,~jk,tr/1°” [¢fk,/lfﬂ +c.c.

The action for the ADE quiver gauge theories can be obtained by inserting the I'-invariant fields
into this expression, but it is not particularly illuminating. Suffice it to say that there are now
complexified gauge couplings 7; as well as Coulomb moduli for each node of the graph, since
each node has its own vector multiplet. The couplings between the vector multiplets are via the

hypermultiplets in the bi-fundamental representations of the gauge group.

Since the field content of the ADE quiver gauge theories can be written purely in terms of the
underlying Dynkin graph, ignoring the fact that it is an affine Dynkin graph of type ADE, it is
possible to define quiver gauge theories for arbitrary oriented graphs. We will not pursue this, in

fact the quiver gauge theories in Cartan type A are already quite nontrivial.

Quiver gauge theories associated to finite, rather than affine, Dynkin graphs can be obtained by set-
ting the gauge couplings associated to certain nodes to zero, for example the quiver gauge theory
of type A can be obtained from the Xz theory from decoupling the nodes associated to the O and 2
representations of the McKay dual group Z3, leaving behind a theory of a .4~ = 2 vector multiplet
with gauge group U (n), coupled to n hypermultiplets in the fundamental and n hypermultiplets
in the antifundamental representation. The flavor symmetry of the theory associated to the multi-
plicity of the hypermultiplets can be interpreted as a gauge symmetry with a nondynamical vector
multiplet, and the associated mass terms of the hypermultiplets can be interpreted as the Coulomb
moduli of the decoupled nodes. These features will resurface in the following chapter when we

perform explicit calculations in these theories.
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CHAPTER 5: INSTANTON MODULI SPACES AND LOCALIZATION

In the previous chapter it was demonstrated that, upon topological twisting, the path integral for
pure .4~ = 2 supersymmetric Yang-Mills theory reduces to a finite-dimensional integral over the
moduli space of instantons .# (k,n). In the present chapter we explain how to use this fact to solve
the theories, by introducing a certain compactification .# (k,n) of the instanton moduli space and
deformation of the .4 = 2 supersymmetric field theory which allows the resulting integrals to be

evaluated by the Atiyah-Bott localization formula.

ADHM Construction of Instantons

Recall that Yang-Mills instantons (for an elementary introduction to instantons see [53]) are solu-
tions to the self-duality equation

Fi =0 (5.1)

for a gauge field A in R* with second Chern class k, modulo the action of gauge symmetries which
approach 1 at infinity. Atiyah, Drinfeld, Hitchin, and Manin [2] provided a method to characterize

the space of solutions to this equation in terms of a set of matrices.

Dirac Zero Modes

To motivate the construction, recall the following simple fact: an instanton in a d-dimensional
theory may be thought of as a soliton in a (d + 1)-dimensional theory. To understand solitons, it is
natural to probe their interaction with other particles in the theory. In particular, one can search for

bound states of these solitons and Dirac fermions charged under the fundamental representation of
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U(n).

Concretely, what this means is one wishes to find L? normalizable solutions to the Dirac equation in
four dimensional Euclidean spacetime in the background of an instanton, that is, spinors ¥ valued

in the vector bundle E associated with the fundamental representation, satisfying
Day = 0. (5.2)

The bundle S of spinors splits as S = S+ & S_, where S+ are the bundles of positive and negative

chirality spinors. After choosing a complex structure to identify IR* 22 C2, one may identify

(5.3)

s =0 e VK.

VK denotes the square root of the canonical bundle of C2, and O denotes the bundle of forms
with p holomorphic indices and g anti-holomorphic indices; thus K = 020, Since VK is trivial, it
can be omitted and spinors may be regarded as differential forms. With these identifications, one

has MA = \/E(QA — BAT)

Using this description, one readily shows that there are no nontrivial solutions to the Dirac equation
in (%" ©0%) @ E. From an index theorem, one concludes that the dimension of the space of
X € T(QO’1 ® E) solving the Dirac equation in the background of instanton charge k is k. Let
K = CK denote this space, that is, K the kernel of I§4 acting on negative chirality spinors. Let
N =2 C" denote the fiber of the bundle E over the S3 at infinity; since A approaches pure gauge
at infinity, E has a natural trivialization over 3 and thus all fibers may be identified with N. The
claim of the ADHM construction is that K and N, together with some linear maps between them,

allow one to completely reconstruct the instanton solution.
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Write (z1,22) € C? as the coordinates in C? = IR*; then there are natural maps I'(S®E) — T'(S®E)
given by ¥ — zqy for ¢ = 1,2. These operators commute, however their projections to the
subspace of spinors solving the Dirac equation may not. If IT: I'(S® E) — K denotes orthogonal

projection, then we define the operators

By :=Ilozy| €End(K) (5.4)
K

fora =1,2.

Let x denote the row vector of size k whose entries are some orthonormal basis of solutions to
the Dirac equation—note that these solutions are sections of Q%' @ E, so y is an n x k matrix with
entries valued in %!, Then the operators By, B, € End(K) = Mat; (C) are (we rescale by a factor

7+/2 for later convenience)
1
By = —— / zaX Ax 55
a2 Jre ak AKX (53)

for a = 1,2. Note that orthonormality means that

/]RA;H Ay = 1. (5.6)

Thus there is a natural action of U (k) by x — xU for U € U (k) which acts on the B’s by conju-
gation. A basis-free way to write this is U (K) the group of unitary transformations preserving the

canonical hermitian structure on the vector space K.

To learn about N, consider the limit r = \/|z1|? 4+ |z2|?> — . The Dirac equation states, for the
(0,1) spinors, that dyx = 9; x = 0, and since these operators square to zero ¥ is locally the sum of
ds and éj—exact pieces. These pieces are easily shown to satisfy the Laplace equation for large r,

so the natural ansatz is to take them to have the same asymptotics as the L? normalizable Green’s
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function for the Laplacian, leading to the behavior

g—lﬁ> 3] (g_lrf_zdzl /\d22>, F—s oo, (5.7)

Here, I is some k x n matrix and J is some n X k matrix, and again there is some natural U (K)

action.

In this way we have produced a set of linear operators (Bj,B>,1,J) between the vector spaces K
and N. These may be represented as matrices, up to an action of U (K) reflecting the arbitrariness

in the choice of basis of K.

By a tedious Green’s function computation (see [6]), one shows that (B 1.B2,1,J ) satisfy the equa-

tions, which are invariant under the U (K) action:

[B1,B2] +1J =0
(5.8)

(BB} | + [ Bo.BL| 11" =ty =0,

We refer to a multiplet of (By,B»,1,J) satisfying these equations as ADHM data. In this way one

has produced a map
Instanton gauge field A with charge k — ADHM Data up to U (K) action. (5.9)

The claim of the ADHM construction is that this map is an isomorphism, namely the gauge field
A may be uniquely reconstructed from the U (K) orbit of ADHM data. The claim is demonstrated

by constructing the inverse map explicitly.
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ADHM Construction

Given ADHM data (B, B»,1,J), an instanton solution may be uniquely (re)constructed. We review
the main point here, namely how to obtain a rank n vector bundle with anti-self-dual connection A
and the matrix ) of normalized solutions to Dirac equation from ADHM data, see [6] for further

details.

For each z = (z1,22) € C? define the operator 7, : (K®@C?) ®N — K®C? by

By —zi By —z !
9] = (5.10)
~Bi+z Bl -z  J

One verifies using the ADHM equations that the operator 2 7, : K@ C? — K ® C? may be written

as .@;@Z = A; ®1c2, with
A= (Bi—z1) (Bl —z1) + (Ba—2) (B} — %) + 11" € End(K). (5.11)

Note that A, > 0, and restricting to the locus of ADHM data such that A, > 0 for all z € C? then

2, has no kernel and .@ZT is surjective with dimker .@; = n. Then the space of pairs
E={(zv) €C*x ((K®C*)@N)|vckerZ,} (5.12)

defines a rank n vector bundle over C2. The claim is that E naturally carries a connection A such
that F A+ = 0, and that sections of S ® E may be identified with spinors charged in the fundamental

of U(n).

To see that E has a natural connection, note that it is a sub-bundle of the trivial bundle over C? with

fiber (K@ C?) @ N. The trivial bundle naturally carries the trivial connection, which is just the d
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operator on appropriate vector-valued functions on C2. If 7, : (K® Cz) @©N — ker @j denotes
orthogonal projection in the natural hermitian structure, then D := 7, o d defines a connection on

E, and one verifies that its curvature is anti-self-dual.

To make the above remarks more explicit, note that the fiber of E is a vector space of dimension n
and may therefore be identified with N. Let ¥, : N — (K ® C?) © N be the identifying map; thus
it is a solution to

21¥,=0. (5.13)

The columns of ¥, define a basis for the fiber of E at each point z—by taking this basis to be
orthonormal one may assume ‘I’Z‘YZ = In. Then the connection A on E defined via the projection
above is

A=VY!ady.. (5.14)

One readily verifies that this is indeed a U (n) connection, and by direct computation demonstrates

that F, A+ = 0. Note that A is invariant under the U (K) action on the ADHM data.

The ADHM data also allow one to describe solutions to the Dirac equation valued in E. Write

Y.=1v_ (5.15)

for vo : N — K, £ : N — N, then upon identifying §_ = Q0!

x=viaTldz +viajldz, (5.16)

<

is an n X k matrix of one-forms (in more intrinsic language, it is a map from K to sections of

0% © E-¥y takes values in sections of Q%! ® E) satisfying the Dirac equation dyy = 9; x =0.
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This is readily demonstrated by straightforward computation.

This apparatus of constructions allows one to define the moduli space .# (k,n) in purely finite-

dimensional terms:

M (k,n) = {(Bl,Bz,I,J) € (End(K) ® C?) @Hom(N,K) @Hom(K,N)

(5.17)
Equations (5.8) are satisfied and Z, is injective Vz € CZ} / U(K).

Note, in this description, it is a simple parameter count to see that dim.# (k,n) = 4kn. It is also

not difficult to see that .# (k,n) is a smooth manifold.

Compactness, Singularities and Resolution

Using the ADHM construction, it is possible to describe the geometric properties of the instanton
moduli space more concretely. The injectivity of 2, ensures that .# (k,n) is a smooth manifold.
However, .# (k,n) is not compact. In order to integrate over it, one must define a suitable com-

pactification.

Note that there are actually two sources of noncompactness for .# (k,n). One is due to the fact
that the space of matrices (Bj,B5,1,J) is non-compact and that the equations defining ADHM
data are homogeneous under scaling these variables. This type of non-compactness is an infrared
effect, and is due to the fact that instantons can grow arbitrarily large and/or escape to infinity.
These effects are a consequence of defining a quantum field theory in infinite volume, and later we

explain how to deal with them by ()-deformation.

The other source of non-compactness is the requirement that . be injective for all z € C?>—it’s

possible to find a sequence of (BI,BQ,I J ) which converges to a configuration such that &, has

44



a zero mode for some z. The Donaldson-Uhlenbeck compactification of the moduli space [10]
simply adds in the requisite points as limits of these sequences (in other words, it is given by
the same definition as above but without the constraint on the rank of %;). While sufficient for
some purposes, this compactification has the undesirable feature that the space is singular at the
added points. These singularities are known as “small instanton singularities", because &, can
develop zero modes at particular values of z € C2. These points may be interpreted as locations of

instantons that have shrunk to zero size.

The physical reason that these singularities must be dealt with carefully is that this type of non-
compactness is intimately related with the ultraviolet cutoff needed to produce a well-defined
quantum field theory [28]. It is physically unreasonable to discuss instantons of characteristic
size smaller than this cutoff scale. For computations of physically relevant quantities, the precise
value of the cutoff should be irrelevant so long as it is much shorter than all other length scales in

the theory.

Thus, one would like to arrive at a compactification of the instanton moduli space which has the
property that small instantons are forbidden, and instantons are frozen at some cutoff scale. The
construction is known in the mathematical literature as the Gieseker-Nakajima compactification

[20], [35], and is achieved as follows. Fix a real number { > 0, then

M (k,n) = { (B1,Ba.1,J) € (End(K) ® C?) ®Hom(N,K) & Hom(K,N)

[Bl,Bz]—f—IJ:O (5.18)

[BI,BI] + [32,35] LIt gt = CJIK}/U(K).

One can prove the following key result about this moduli space (see [41] for an argument), known

as the stability theorem (GL(K) denotes the group of invertible linear maps from the space K to
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itself—upon picking a basis it may be identified with GL(k,C)):

M (k,n) = {(BI,BZ,I,J) ¢ (End(K) ® C*) @ Hom(N,K) ®Hom(K,N)
[Bl,Bz] +1J =0, and (5.19)

C[B1,By)I(N) :K}/GL(K).

The requirement C[B},B;]I(N) = K is known as the stability condition. From this description, it
follows that .# (k,n) is a smooth complex manifold. It also admits a map .# (k,n) — .# (k,n)°Y
which is a resolution of singularities (the superscript DU denotes Donaldson-Uhlenbeck compact-
ification). Physically, this reflects the obvious fact that at length scales > \/Z , configurations in
M (k,n) look like ordinary instantons, and the configurations toward the small instanton limit are
“smoothed out" by the cutoff (which can be interpreted as reflecting ignorance about hidden ultra-
violet degrees of freedom). We will not explore the physical interpretation of ./ (k,n) further, but

direct readers to [47], [38] for more information.

As an aside, we note that the stability theorem establishes that .# (k,n) is also the moduli space of
torsion-free sheaves on CIP? of rank n and second Chern class k which have a fixed trivialization
over the CIP! at infinity [35]. It can also be thought of as parameterizing instantons in gauge theory

defined on “noncommutative R*" [47].

It is the smooth space %(k,n) that should be used in localization calculations, since it has more
desirable properties and reflects a more sensible choice of ultraviolet regularization. It is not a
compact space, but provides a partial compactification of the naive instanton moduli space .# (k,n)
because it adds in limit configurations for small instantons. It does not cure the problem of large

instantons, but this is a separate problem addressed by the ()-deformation.
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()-deformation

The final ingredient needed to perform the instanton counting calculations in .#” = 2 gauge theories
is known as the ()-deformation [39], [45]. There are many ways to define it, for simplicity we give
only the definition within the framework of the twisted ./~ = 2 theories and consider pure .4 =2
super-Yang-Mills, returning to the issue of matter later on. We replace the integrals over .Z (k,n)

with integrals over the partial compactification .# (k,n).

As pointed out in the last chapter, the scalar supercharge 0 of the twisted .#” = 2 theory acts as
an equivariant de Rham differential in field space, which is equivariant with respect to the group
of gauge transformations. Upon reduction of the path integral to zero modes, one produces an
integral in equivariant cohomology of %(k,n) where the Coulomb moduli of the gauge theory
become identified with the equivariant parameters associated to the (maximal torus of) the group
U(n) of constant gauge transformations acting on . (k,n). In fact, only the group SU(n)/Z,
acts nontrivially on the moduli space, but we ignore this subtlety. The ()-deformed gauge the-
ory is defined by working equivariantly also with respect to the (maximal torus of the) SO(4)
symmetries of spacetime. Such a rotation is characterized by two parameters €;,€& such that
(z1,22) — (e7Be1 ¢=Be2z))  This transformation is generated by some vector field V/, and the
()-deformation corresponds to replacing the scalar supercharge Q discussed previously with the
deformed supercharge Q + V Gy, with G, defined as in the previous section. The corresponding

differential on the fields is denoted J.
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The corresponding supersymmetry variatons are

OeA =y O = iV(sl,az)V/ 68%+ =H"
581[/ = DA(P +iV(£1,£2)FA 58(5 =1 58H+ = [%+,¢] +DAiV(£1’£2)X+ +l‘v(£17£2)DA%+

(5.20)

68” = [qs’ ¢] +iV(81,£2)DAqS

and the corresponding modification of the action to preserve J; symmetry is

27T
Se =— lz/ trFq A\ Fy
81 JRr4

2
+5g</R4—trlI//\*(DA<§+iv8FA) +trn % ([@, 0] +iv,Dag) _trx+<FA+ _gYTMH-F)).

(5.21)
This action defines the ()-deformed theory.

Because the geometric meaning of the terms is the same, the } " integral once again restricts to
F A+ = 0 and the integral over nonzero modes of ¢,¢ together with 1 implements the division
by %.. The only difference is that the vector field on .# (k,n) is now the one descending from
Dp¢ + iy, Fy, denoted by V(a,8),&). It generates the action of the maximal torus T2 of the
group of symmetries acting on .# (k,n), where T? C SO(4). Then the instanton contribution to

the partition function of the ()-deformed theory is
Zins(a,€1,6250) = Y / e % (8V@aE).y)), (5.22)
kZO Lﬁ(k,n)

Now, T"*2 acts with a finite number of isolated fixed points on .# (k,n), so the integral may

easily be done by localization. The fixed point calculation will be discussed shortly. Because
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e %) =146, (...) = 1 in cohomology, one often writes the instanton integral as simply

1
1= _ 5.23
////(k,n) ﬁxg’pt. [1(weights) (523)

In the equality we have used the localization formula. Note that the integral of 1 does not really
make sense, but it is understood in the sense of equivariant cohomology—the RHS is essentially
the definition of the LHS using localization. We employ this shorthand frequently in what follows.
Alternatively, one may think of the operation of integration algebraically as simply a pushforward

H{.( M (k,n)) — HE(pt) in G-equivariant cohomology for symmetry group G.

Now that the integral has been reduced to the application of localization formulas, the problem
becomes combinatorial. We now turn to the explicit description of the fixed points of the group

action and weights in the tangent space of .Z (k,n).

Fixed Points and Weights

The localization arguments discussed in the previous section almost complete the explicit solution
of the Q)-deformed .4 = 2 theory, but it remains to show that the maximal torus of U (n) x SO(4)
acts with isolated fixed points and calculate the weights in each subspace. In this section, we sketch

a combinatorial description of the fixed points and weights using Young diagrams [35], [39].

The (compactified) instanton moduli space is the set of (By,By,I,J) satisfying uc(B1,B2,1,J) :=
[B1,By] +1J = 0 (and the stability condition) up to the action of GL(K), where (Bj,B,1,J) ~
(gB1g',gBrg ™1, gl,Jg7 1), with g € End(K). Since ¢ : (End(K) ®C?) @Hom(N,K) @ Hom(K,N) —

End(K), for each (By,B,,1,J) representing a point in the moduli space there is a complex
0 — End(K) — (End(K) ® C2) & Hom(N,K) ®Hom(K,N) — ¢ 4 End(K) = 0. (5.24)
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The first map sends & — ([&,B1],[&,B2].E1,—J&). The second map sends (0B1,8B,61,8J) —
[6B1,B;| + [B1,0B2| 4+ 61J +18J = duc(8B1,8B,,81,6J). This sequence is in fact a complex
because the infinitesimal GL(K) action is a symmetry of ¢ = 0. One proves using the stability
condition that this complex has vanishing cohomology in degree zero and degree two, which estab-
lishes that .2 (k,n) is a smooth complex manifold. The holomorphic tangent space of .# (k,n) at
the point corresponding to (By,B>,1,J) may be identified with H! of this complex. For this reason

the above complex is known as the tangent complex.

This identifies Tp%(k, n) at any point p as a vector space. However, to compute the weights, one
is interested in Tp%(k,n) as a T” x T?-module, for p a fixed point of T”*2. The advantage of
the description using cohomology is that its algebraic nature readily yields representation-theoretic

data. But first, one must classify the fixed points p.

The T2 action on the space (End(K) ® C?) @Hom(N,K)@Hom(K,N) is given by, for (ef2,ePe1 Be2) ¢

']rn—i—Z.

(P2, P ePe) . (B). By 1,J) = (e P& B, e BB, 167 P2 ¢ Flaite) Payy (5.25)

This is the canonical action induced naturally from the definitions of these operators. Note that
the action of U (n) is defined simply by the fact that N splits into one-dimensional eigenspaces Ny,
each carrying an eigenvalue P9 _we have used the notation a to denote also the diagonal matrix
diag (a1 ,..»ay ). The geometric construction of ADHM data, where N is identified with the fiber of
the bundle E in which the Dirac fermions in the fundamental take values, makes the representation-
theoretic content of N evident. Strictly speaking, to get an action of the compact group T"*2 the
(complex) variables f3,€;,&,a must be taken to obey some reality conditions; we leave it to the

reader to fill in these fairly straightforward details.

50



This group action descends to .# (k,n). For the matrices (By,B,,1,J) to represent a fixed point in
the moduli space, the action of T”*2 on them may be undone by a GL(K) transformation. That is,

for a given fixed point and generic values of €] ; and a parameters there exists a £ € End(K) such

that
[§,B1] = &1B;
[§,B2] = &8,
(5.26)
El=1Ia

J& = (a—£1 —82)].

Strictly speaking, one should write £ (a, €, &) as a linear function of the equivariant parameters,
but since we work at fixed a, £/, &, it is immaterial. The fixed points of T"*2 acting in the moduli
space are in one-to-one correspondence with isomorphism classes of representations of the above

algebra. These admit the following description.

First, one proves using the stability condition that for any solution to (5.26), J/ = 0. Then one has
[B1,B;] = 0. The space K splits as K = @7 _ Ko, where Ko = C[B1,B,]I(Ng). The eigenvalues of
& on the space K¢ are of the form ay + (i —1)&; + (j — 1)& for (i, j) € Z2 . In each subspace Kq,
starting from the vectors /(N ) the B’s act as “raising operators" for & which shift its eigenvalues
by €1, and for an appropriate reality condition and generic parameters a, € » each eigenspace
of & is orthogonal. By finite-dimensionality, B"lBél (Ng) = 0 for i, j large enough, and it is easy
to convince oneself that if one arranges the points labeled by (i, j) in a coordinate grid then the
statement that K is an orthogonal sum of one-dimensional subspaces B"lBéI (Ng) allows one to
interpret each one-dimensional subspace as a box in a Young diagram A (@), The number of boxes

in the diagram (%) is denoted by |A(®)].

Thus, the isomorphism classes of representations of the algebra (5.26) are in one-to-one correspon-
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dence with n-tuples of Young diagrams A = (A(1), ..., A(")) such that

Y A =k (5.27)

o

Therefore, fixed points of the T"*2 action on .# (k,n) are labeled by n-tuples of Young diagrams

A with k boxes in total.

Decomposing K into eigenspaces of the operator eBe(aerer) gives its content as a T2 represen-
tation at a fixed point. In what follows, it will be useful to identify vector spaces with their T"+2
characters (really, one should consider these “spaces” as T" 12 equivariant vector bundles over the

compactified instanton moduli space and consider their classes in equivariant K-theory), so that

=

I
=

Qm

Q
I

0
=

)
Il

1 j—1
ePaa Z q; lqé )
(i.j)er®

We introduce the notation ¢; = eP&! and ¢, = eP2.

One verifies that for (By,B»,1,J) representing a fixed point of the T"*2 action, the following
complex (which is the same as the tangent complex twisted by one-dimensional representations of

T? in appropriate places) is T"*2 equivariant with respect to the action (5.25):

0 — q192End(K) — ¢2End(K) @ ¢ End(K) ® q1g2Hom(N,K) & Hom(K,N) — End(K) — 0.
(5.28)
The maps are the same as for the ordinary tangent complex. Because this complex is T"*2 equiv-
ariant, its cohomology furnishes representations of T"*2, and in particular the weights of H'
correspond to the weights of the T”*2 action on %(kn) in the holomorphic tangent space at the

fixed point A.
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In fact, this setup is typical of a supersymmetric quantum mechanics problem (see Chapter 10 of
[23])—one has a space of supersymmetric ground states given by H* of this complex and wants to
understand its decomposition under the relevant symmetry algebra. One may think of the (equiv-
ariant) tangent complex as a finite-dimensional version of the Hilbert space of a supersymmetric
quantum-mechanical system, and the maps as finite-dimensional versions of supercharges. Then
by standard deformation invariance arguments for the (equivariant) Witten index [23], the virtual
character of the complex agrees with the alternating sum of characters of the cohomology groups—
this is just the statement that Tr(—l)F g receives contributions only from supersymmetric ground

states.

Together with the vanishing theorem H = H? = 0, this gives the character of the tangent space to

the fixed point A as

Ty A (k,n) = NK* + q12KN* — (1—q1) (1 — q2)KK™. (5.29)

Given the above formulas for the characters of N and K, it is straightforward to write this character

in terms of combinatorial data associated to the Young diagrams A as [35]

Z eaa—“ﬁ< Z CI?(D)H(];AB + Z ‘]1 2 D)H)- (5.30)

a,f=1 OeA(®) OeA(B

The quantity ¢, (0J) is known as the leg length of the box [J in the diagram (%) and likewise
Aq(0O) is the arm length. Associated to a partition A, regarded as a nonincreasing sequence of
integers A;, one defines the conjugate partition by A/ = #{i|A; > i,some j}. Then for (J at position
(i,)), La(O) = /ljt.(a) —iand Ag(0) = li(ﬁ) — j. The geometric interpretation of this is given in

Figure 5.1.

In summary, the fixed points of the T"*2 action on .# (k,n) are classified in terms of n-tuples
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Y #E = (D) =3
#E = A(H) =2

Figure 5.1: In the case n = 1, we drop the o label because it is redundant and fixed points are
labeled by a single Young diagram such as the one above, corresponding to the partition A =
(7,5,4,3,3,2,1,1), with conjugate A" = (8,6,5,3,2,1,1). Each box in the diagram corresponds
to a one-dimensional subspace of K, and K splits as an orthogonal sum over these subspaces—the
top left box corresponds to I(N) and a box in position (i, j) corresponds to Bil_lBé_ll (N). The
leg and arm length are computed as shown above. Also important is the hook length A(0J) =
¢(0) +A(O) + 1, which will return later.

of Young diagrams A. They are isolated and have weights given by some combinatorial formula
in terms of data associated to the Young diagrams. From this data, it is possible to compute the

partition function of the ()-deformed theory as a sum over Young diagrams.

Nekrasov Partition Function and Seiberg-Witten Curve

Finally, with all the preliminaries in place we may explain one of the main results, which is the
partition function of the ()-deformed .4 = 2 theory. This is known also as the Nekrasov partition

function and was introduced in [39]. In discussions of Nekrasov partition functions, it is useful to
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introduce the following notation known as plethystic exponential. Given a virtual character which

B

contains terms e with positive coefficients and terms e®/ with negative coefficients, we define:

B

A; Bi| ._ Hj
E Xi:e —Zj:e ]._ A (5.31)

Note this essentially computes the “supersymmetric path integral" associated to a virtual representation—
the “fermionic states" with a minus sign contribute a determinant in the numerator, and the “bosonic
states" contribute a determinant in the denominator. The Nekrasov partition function for the pure
A = 2 theory under consideration thus far may be written in this notation as (we replace q with

the dynamical scale A that appears since this theory is asymptotically free)

Z(a,e,e50) = Y A" Y E[T) A (k,n)). (5.32)
k>0 A N
Al=k

The limit € 5 — 0 of Z recovers the famous Seiberg-Witten solution. In fact, this was Nekrasov’s
original goal of introducing the ()-deformation and instanton calculus in this setup: to provide a
first-principles derivation of the Seiberg-Witten solution of gauge theory [39]. The main relation
is

Fo(a) = lim —gglogZ (5.33)

€2—0
where % is a quantity known as the Seiberg-Witten prepotential [S1]. For mathematicians, this
is actually the definition of the prepotential. More about this will be discussed below. There are
several ways of understanding the relationship between Z and Seiberg-Witten theory. One way is

to proceed by analogy with matrix models.
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The n = 1 Case in Detail

The case of n = 1, where the gauge group is U (1), is of course somewhat trivial given that the
underlying field theory is actually free, but the mathematical structure that arises is nonetheless

rich and provides a hint for the case of general n.

The fact that we still have interesting mathematical structures reflects the fact that the partially
compactified space .# (k, 1) is interesting and nontrivial-it is an object known in algebraic geom-

etry as the Hilbert scheme of k points in C2, Hilb; (C?).

It is useful to consider a special ()-background, known as the self-dual ()-background, for which

€+ & =0, so that &g = —& := g,. With this notation, one has

IE[T; Hilb; (C?)] (5.34)

De/l

The quantity 2(0J) = ¢(0) +A(0) + 1 is known as the hook length of the box [J in the diagram
A. By the so-called hook length formula [17],
At

D]’[@lh(m) =3 (5.35)

where dimA is the same number introduced earlier in the present thesis. Thus, the Nekrasov

partition function in this case is given simply in terms of the Plancherel measure on partitions:

) PA) = e (5.36)

As reviewed in chapter 2, this partition function may be expressed as a matrix model which cap-

tures the “limit shape" phenomenon of the random partitions. That is, in the limit gg¢ — O the sum
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over partitions is dominated by a most probable partition of large size described by the Logan-

Schepp-Vershik-Kerov profile [27], [59].

The point of this is that it is a generic feature of the Nekrasov partition function—in the limit
€12 — 0 the sum over partitions is dominated by a limit shape. The “spectral curve" capturing
the limit shape in the matrix model analogy is known as the Seiberg-Witten curve of the gauge
theory—in the next section it will be explained how to obtain this curve without using matrix model

techniques directly (although using techniques inspired by those in matrix models).

The Y -observables

The combinatorial sum over partitions to which the instanton partition function reduces is reminsi-
cent of the kind of combinatorial object that is the matrix model partition function. It is therefore
natural to use similar techniques as in matrix models to understand more about the structure of the

instanton partition function.

Recall that the main tool that was useful in solving the matrix model was the construction of the
resolvent tr(x — P) _1, as its singularity structure in x effectively encoded the loop equations for the
matrix model, which can be interpreted as Dyson-Schwinger equations for the gauge theory. It is
therefore natural to look for observables Y (x) in the .#” = 2 theory that depend on some auxiliary

spectral parameter x € C, that have similarly desirable analytic properties.

A natural candidate for such an observable is the characteristic polynomial of the Higgs field

¢ (z,Z), where z = (z1,20) € C2. One would like to study

Y (x) ~ det(x— ¢(0)). (5.37)

57



Note that the Higgs field must be placed at the origin in order for this observable to preserve
the supersymmetry of the ()-deformed theory. The expression on the RHS is not well-defined
because of contact term ambiguities—the operator products of ¢ (z,z) at different spacetime points
are singular as the points approach each other. These can be interpreted as quantum effects due to

the instanton background.

To find the appropriate definition of the Y-observable that automatically takes into account the non-
perturbative corrections/quantum effects, it is best to interpret it as a geometric object associated

to . (k,n).

At a point of .# (k,n) represented by ADHM data (B1,Bs,1,J) there is a complex of vector spaces,

known as the tautological complex

0+K— (KC)®N - K —0. (5.38)
The map first map acts by
—31V
v | Bov (5.39)
Jv

for v € K. The second map acts by

Vi
v_ | = Biv—+Byvy —|—I§ (5.40)

g

for vo € K and £ € N. Allowing this to vary across all points in ./ (k,n) gives a complex of

(equivariant) vector bundles, and by abuse of notation we also denote these bundles by K and N.
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After a twist by representations of T? C SO(4) this complex becomes T"+2-equivariant:

0—=q192K = K1 K®&N — K — 0. (5.41)

Define the object S to be the virtual equivariant Chern character of this complex:

S = ch(K) +ch(K ® A*’C?) —ch(N) —ch(K ® C?). (5.42)

This is understood in the usual sense of equivariant Chern character—the object ch is a formal
character valued in H3,.,(.# (k,n)) using the Chern roots of the various bundles together with
their weights as torus representations. The degree zero piece at a fixed point of the T"*2 action
reduces to the ordinary virtual character of the fiber. The Y-observable, as an element of the
equivariant cohomology ring of ./ (k,n), is defined to be the plethystic exponential of the virtual
character of the tautological complex: (c, denotes Chern polynomial, in other words the equivariant

top Chern class with respect to the C* symmetry scaling the fiber of the bundle, with equivariant

parameter x):
cx(N*)ex(K* @ C?)

Y()C) = ]E[EXS*] = Cx(K*)Cx(K*® (AZCZ)*) :

(5.43)

At a fixed point, this may be evaluated using the known weights of the representations (we set
B =1 for simplicity, it may be always reinstated by dimensional analysis):

n (x—ag—c(0d)—¢)(x—ag—c(0) — &)

Y (x) - [16-ae) 11 =m0 @) —a &)

a=1 Oep(e)

(5.44)

The notation ¢([) has been introduced: for a box in the Young diagram A (%) at position (i, j), it

is defined to be ¢(0J) = (i — 1)&; + (j — 1) &—this is referred to as the content of the box [J.

In the limit where €’s vanish, this reduces to the characteristic polynomial evaluated at the vac-
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uum expectation value of ¢. The full definition of ¥ may be thought of as including quantum
corrections, with the inclusion of the vector spaces K in the tautological complex signifying the
presence of fermionic zero modes in the instanton background of charge & that lead to the need to
correct the naive characteristic polynomial. In particular, the corrected version of Y (x) is no longer

a polynomial but is a rational function.

The main interesting feature of Y is that there are several cancellations occurring in the ratio defin-
ing Y above, so that it may be rewritten as follows. Let d+ A be the outer boundary of the Young
diagram A, defined to be the set of boxes which can be added to the Young diagram while keeping
it a Young diagram. Likewise, the inner boundary d_A is the set of boxes which may be removed
from the Young diagram while keeping it a Young diagram (an example is shown in Figure 5.2). It

is straightforward to show that Y may be written as

n Moeg, ptw (x—aa—c(0))
Y = . . 5.45
) A o£11 [Mhes at@ (x—aq—c(0) —& — &) ( )

This allows for further understanding of Y: its analytic properties reflect the possibility of adding
or removing a single instanton from the system. This is again analogous to the resolvent in matrix
models, the poles of which encoded information about the spectrum of the random matrix. There-
fore, Ward identities which constrain the analytic behavior of ¥ may be understood as organizing
information about the behavior of the field theory under adding or removing instantons. Since this
corresponds to changing the topological sector of field space, this may be understood as describing
a symmetry of the path integral of the theory under a “large" (not continuously connected to the

identity) deformation of the integration contour.
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I A = ()
h 9_A = {m)

Figure 5.2: For the partition A = (7,5,4,3,2,1,1), the blue boxes are those in d_ A, and the red are
those in d A. Importantly, those in d; A do not belong to the original Young diagram, while those
in d_A do.

We employ the notation

Z A" Y BTy A (k,n)|O (5.46)
k>0 A A

|A|=k

for a normalized expectation value of an observable.

In the pure .4 = 2 Yang-Mills theory with gauge group U (n), one can prove directly that

A2n
<Y(x+£1+£2)+m> (5.47)

has no poles in x by noting that those from the first and second terms cancel each other. As
mentioned above, the statement that this object has no poles reflects a transformation property of
the path integral under a “large" deformation of the contour so the above equation is referred to as

a nonperturbative Dyson-Schwinger equation.
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Seiberg-Witten Curve

The nonperturbative Dyson-Schwinger equation immediately leads to a description of the Seiberg-
Witten geometry of the gauge theory. In the limit £, — 0, as discussed above the sum over parti-
tions localizes on a saddle point configuration known as the limit shape. We let z = limg, , ,0(Y (x))
be the value of ¥ evaluated on the limit shape. Since Y (x) is a degree n monic polynomial for large

x, the nonperturbative Dyson-Schwinger equation in the limit £ — 0 leads to

A2n

2+ =P(x) (5.48)

where P(x) = x" + Y u;x"~', for some constants u;. In the classical limit these constants are
elementary symmetric functions of the aq, but they recieve quantum corrections from instantons.
This equation describes a hyperelliptic curve of genus g = n — 1 known as the Seiberg-Witten
curve, and one verifies (by making similar arguments as in the case of the matrix model, for a

similar choice of A and B cycles) that

1 % dz
dg = — x—
27 Jae  z

aﬁo_% x%
da®  Jp, 7’

(5.49)

These are the same special geometry relations encountered previously, and determine the prepoten-
tial .%( in terms of the underlying algebraic curve. In the physical interpretation of .4/ = 2 theories,
the prepotential essentially uniquely characterizes the low-energy effective action of the theory to
lowest order in a derivative expansion. This solution of .#” = 2 super-Yang-Mills ( the determina-
tion of the exact low-energy effective action to lowest order in derivative expansion) is a famous
result known as the Seiberg-Witten solution of gauge theory. The ()-deformation and instanton

counting method, while requiring lots of background, gives a direct first-principles derivation of
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this result (originally, Seiberg and Witten guessed the form of the effective action using ingenious

symmetry arguments).

Aside: Physics of Seiberg-Witten Solution

In order to keep the progression and presentation reasonably brief and self-contained, we have pre-
sented Seiberg-Witten theory only as some limit of nonperturbative Dyson-Schwinger equations,
by analogy to the behavior of matrix models in the planar limit. However, it is of great interest in
physics because it captures the low energy behavior of .4~ = 2 theories, and provided some of the
first evidence for dualities that led to the insights on dualities in string theory. We briefly sketch

the physical interpretation of these results here.

Four-dimensional .#” = 1 theories have a well-known superspace formalism, and there is an anal-
ogous superspace formalism for four-dimensional .4 = 2 theories, albeit the details are more
involved. The .#" = 2 chiral superfield ¥ organizes the vector multiplet (®,A%,A) and since the
number of supercharges are doubled, the chiral part of superspace now consists of four fermionic
directions. The full superspace measure would be d*xd®6, but the action of .#” = 2 theories con-

sists only of an integral over the chiral piece d*xd*#: it is given by
S o Im / d*xd*0.7(F). (5.50)

Y is taken to be in the adjoint representation of the gauge group and the usual .4 = 2 super-
Yang-Mills action is recovered by choosing .%('¥) o tr'¥2. Vacua of the theory are minima of the
bosonic potential which is essentially || [¢,¢ﬂ ||2 as discussed before. The Coulomb parameters
a are coordinates on the moduli space of vacua, and their vacuum expectation values give masses

to some of the other fields. By the supersymmetric Higgs mechanism, for generic choice of a the
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gauge group is broken U(n) — U(1)" at low energies, the massive fields may be integrated out
and the Wilsonian effective action is now of type (5.50) but with .%( (.« (x)) a general function of
the low-energy (super)fields, which in general receives quantum corrections from integrating out

the heavy fields and fast modes.

Supersymmetry restricts the perturbative corrections to % to be one-loop exact, so the only pos-
sibility which remains is that of instanton corrections, which themselves are severely constrained
by holomorphy of .%. In their original paper, Seiberg and Witten determined .%( by considering
the BPS spectrum of the SU(2), .#” = 2 theory, making a certain physically well-motivated ansatz
and imposing consistency conditions [51]. This implicitly determined the form of the instanton
corrections, but it was out of reach of analytic techniques at the time to obtain such corrections by
direct computation. Instanton counting was introduced as a framework to compute these correc-

tions directly, without making any ansatz or assumptions.

The form of the effective action explains the relation between the partition function and prepotential—
in general, for any statistical mechanical system in some volume V one has Z = exp{—V F } where
F is the free energy (density), which in the large volume limit is just the ground state energy

(density).

In the case of an .4 = 2 theory in the ()-background, the superspace integral d*xd*@ should be
interpreted as integration in equivariant cohomology of IR* for the the differential d 4 iy (the su-
percharge preserved by ()-background is just the lift of this differential to field space, also twisted
by global gauge transformations), and neglecting the variation of a(x) in space from its vacuum ex-
pectation value (valid in the large volume limit) the localization formula gives (by supersymmetry,

the antiholomorphic piece is 8-exact and decouples)

/ & xd*0.Fo( A (x)) — —— Fo(a). (5.51)
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Since the equivariant volume of R* (that is, the equivariant integral of 1) is just 1/€&& (there is
only one fixed point and these are its weights), the large volume limit is €, & — 0 so this is how

one extracts the prepotential.

From knowledge of the Seiberg-Witten prepotential, the low-energy behavior of the theory is com-
pletely determined and in principle any question may be answered by an appropriate analysis of
the effective action. We do not go further into the low energy physics of 4" = 2 theories (which is
itself fascinating, with connections to the so-called wall-crossing phenomenon, Hitchin systems,
and string theory [18], [19]) because it is well-documented in other places (see for example [54]

and references therein).

Branes and Generalized ADHM Data for Quiver Gauge Theories

It is remarkable that the ADHM construction of instantons can be obtained via string theory [11],
[62]. The key point is that the ADHM description of the moduli space .# (k,n) is a hyper-Kéhler
quotient, which in turn describes the Higgs branch of some U (k) gauge theory. The gauge theory
in question can be interpreted as living on the worldvolume of the instantons themselves, regarded
as a collection of k D(—1)-branes bound to a stack of n D3 branes in Type IIB string theory (see
[55] for a review of this point of view). Passing to the partially compactified instanton moduli

space corresponds to turning on the B-field in string theory [47].

The gauge theory living on the worldvolume of a stack of D3 branes in flat space is 4 = 4
supersymmetric Yang-Mills theory, while the above constructions computed the partition function
for 4" = 2 supersymmetric Yang-Mills. A consequence of [41] is that it is possible to obtain
the instanton contributions of the .4~ = 4 theory from the point of view of the D(—1) branes, by

regarding instanton counting in the .4~ = 4 theory as the problem of enumerating supersymmetric
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bound states of the D(—1) — D3 system in the ()-background. The main result is that in addition
to the ADHM data (By,B5,1,J), there are two more k x k matrix fields (B3, B4), which modify the

equations for vacua as

[B1,By] +1J + [B3,B4] =0
(BB} | + | BouBY| + |Ba.BY| + | BaBY| + 117 =07 = {1k
[B1,B4] + [B2,B3]" =0 55
[B1,B3] + [Bs,Ba] =0
Byl +BlJ" =0

Byl —BLJT=0.

The equation [Bl,BJ{] + ... may be replaced with a stability condition, and by adding together the
norm squares of the remaining equations, one notes that the cross terms cancel so that the space
of solutions to the above equations modulo U (K) is equivalent to the space of the solutions to the

holomorphic equations

B\, B3] = [B1,Bs] = B2, B3] = [B2,Bs] =0
[Bl,Bz] +1J = [B3,B4] =0

Byl = B4 =0 (5.53)
JB3; =JB4; =0

C[B1.B2,B3.B4])I(N) = K

modulo GL(K). It is clear that the stability condition, together with the above equations, implies
B3 = B4 = 0 on any solution so that the space of solutions is once again the instanton moduli
space .# (k,n). However, the instanton partition function is different in this case because the

deformation complex for the above equations is modified by the presence of the B3,B, fields,
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in spite of the fact that they vanish on the solution set. Mathematically, the modified equations
describe the same underlying manifold .# (k,n), but define a different virtual fundamental class,
in this case the Euler class of an obstruction bundle. Physically, in the problem of enumeration of
the D(—1) — D3 bound states, the partition function may be reduced to a kind of supersymmetric
matrix model involving the B’s, and in this case there are additional fermion zero modes in the

matrix model.

The supersymmetric partition function of the system can be computed by considering the defor-
mation complex for the modified system of equations. In the spirit of Nekrasov’s calculus, it
is desirable to work equivariantly with respect to all symmetries of the problem. The modified
ADHM equations admit an additional equivariant parameter, which may eventually be identified
with the mass of an adjoint hypermultiplet field. The virtual character of the deformation complex
defines a class in the equivariant K-theory of the moduli space of solutions (which is in this case

once again the compactified instanton moduli space) known as the virtual tangent space.

Consider multiplying each B, by a phase factor, By — goB¢. Scaling J — g1¢2J, it is evident that
this is a symmetry of the equations provided q;g2¢g3g4 = 1-in terms of equivariant parameters for
the rotations, one must have €| 4 & + €3 + € = 0. This equation means that there is a T3 worth

of symmetries acting on these equations.

The tangent space to the moduli space can be modeled, as a real vector space, as H' of the following

complex:

0 — LieU (K) — Hom(K,K ® C3,) ® Hom(N, K) ® Hom(K,N) ® Hom(K,K ® C3,)
(5.54)

— (End(K) ® C*) @ LieU (K) @ (Hom(N,K) ® C?) — 0.

One once again proves that the degree zero cohomology of this complex is trivial. Since B3 =

B4 = 0 on all solutions, degree one cohomology is the tangent space to instanton moduli space.
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The degree two cohomology of this complex forms a real vector bundle of rank 4kn over the
instanton moduli space. This is known as the obstruction bundle. It turns out in this case that the
obstruction bundle is isomorphic to the cotangent bundle of the instanton moduli space—this is a
consequence of the extended supersymmetry of .4 = 4 super-Yang-Mills (see [57] for more on
this). The virtual tangent space is then defined (in equivariant K-theory) to be the formal difference

H' — H? of the nontrivial cohomologies of the above complex, and is denoted TV,

An equivariant version of this complex is (in hopefully obvious notation)

4
0— LieU(K) = (Y g5')End(K) &Hom(N,K) ©4¢; 'q, 'Hom(K,N)

a=1
— ¢, "¢, "End(K) ® ¢ 'q5 "End(K) ® ¢ 'q; "End(K) © LieU (K) @ ¢; "Hom(N,K) @& q; 'Hom(N,K) — 0.

(5.55)

The virtual character of this complex may be computed, but requires some care. It is not suitable for
localization formulas due to arbitrary choices we have made in assigning signs to the weights of the
equations, since they are non-holomorphic. Geometrically, it reflects the fact that the obstruction

bundle is a real vector bundle and requires a choice of orientation'. See also [41], [42].

What is well-defined and free of choices is the real virtual character. If T is the virtual character of
the above complex, this is given by T + T *—since it includes both signs on every weight, it is inde-
pendent of the choice of orientation. The instanton measure can then be defined by \/m .
The choice of sign in the square root should be handled with care, and is related to the choice of
orientation mentioned above, but we suppress these details and merely present a result which is

consistent.

With these preliminaries, we may compute the real virtual character. In what follows c.c. denotes

IT am grateful to Nikita Nekrasov for a clarifying explanation of this point.
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“complex conjugate”, or dual character—if one restricts to the compact subgroup of the complex
torus acting it is naturally the complex conjugate (note the two copies of LieU (K) fit together to

make End(K) = K ® K*):

(1 + 92+ g3+ q19293) KK +c.c. + NK* +c.c.+ q1oKN* +c.c.

—q12KK* —c.c. — q1q3KK* — grg3KK* —c.c. — gsNK* —c.c. — q1qoq3KN* — KK* — c.c.

(1—g3)(NK*+q1q2KN* — (1—¢q1)(1 —q2)KK*) +c.c.

(1—g3) Ty A (k,n) +c.c.
(5.56)

In the last line we have assumed we are considering the tangent space to a fixed point A. The
natural candidate for the holomorphic square root is then (1 —g3)7y.# (k,n). If one writes w;,
j = 1,...,2kn for the weights in the holomorphic tangent to space .# (k,n), the instanton partition

function is

Hzik & +w;
z=Y ¢ )} 12(nk ), (5.57)
=0 X [5 w;
|A|=k
If one identifies &5 = —m, then this is the partition function for the theory with a hypermultiplet

of mass m in the adjoint representation. The reason for this is that the instanton measure can be

interpreted as the localization computation of (if m is chosen as the weight in the fiber)

H?n:kl(m_wj) / —

T [ e (T (o)), (5.58)
R T
A=k

This is the k-instanton contribution to the partition function of a theory with matter in the adjoint
representation (see for example [39]). Note that the Dirac zero modes for a hypermultiplet in the

adjoint representation can be identified with the cotangent bundle of instanton moduli space itself.
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When m = 0, the instanton partition function becomes that of .4~ = 4 super-Yang-Mills theory
in the )-background. One has (the sum over A, no underline, is just the sum over all Young

diagrams)

Zys@=Ya L 1= (L") = (¥ dp(t)" = e (5.59)

p(k) is the number of partitions of the integer k. In the final equality, we have used a standard

2T where T is the

result for the generating function of partitions of integers and recalled that ¢ = e
complexified gauge theory coupling constant. 1(7) is the Dedekind eta function. It is well-known

to transform nicely under T — —1/7:
n(-1/7) =v—itn(r). (5.60)

This is the famous S-duality of .4~ = 4 supersymmetric Yang-Mills theory [32], [57].

This construction of generalized ADHM data can be used to compute the partition function of an
arbitrary ADE quiver gauge theory. The reason is that the equations for (By,Bs,B3,B4,1,J) have
a symmetry group SU(2) x U(1) x SU(2), where (By,B,) transform as a doublet under the first
SU(2) and (Bj3,B4) transform as a doublet under the second SU (2). Choosing a discrete subgroup
[' C SU(2) of the group acting on the B3 4 matrices and implementing the orbifold projection on
the ADHM data produces the instanton partition function for the .4 = 2 supersymmetric quiver
gauge theory of the same ADE type as I'. Physically, this is a result of a construction of Douglas
and Moore [12] that identifies the low-energy effective theory on the worldvolume of D-branes
located at the tip of a C? /T orbifold singularity as a quiver gauge theory of the same ADE type as
I

An illustrative case is I' = Z3, corresponding to the .4/~ = 2 quiver gauge theory of type 22. At
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the level of ADHM data, the vector spaces K and N decompose with respect to the Z3 action—
K splits into Ky, K, K> and N splits into Ny and N;, N,. The subscripts label the irreducible
representation of Z3 that these spaces carry. The lowercase versions of these letters will be used for
the dimensions of the vector spaces. The B> matrices split into three copies of themselves which
map K; — K; for i =0, 1,2. Likewise, the 1,J matrices split into maps /; : N; — K;, J; : K; — N;. The
B3 4 matrices map the different K spaces into one another, specifically B3 sends K; — K; 1 and By

maps K; = K;_1.

The full .#" = 4 theory in the Q2-background? has instanton measure determined by the virtual
character (1 — g3)Ty.# (k,n). To obtain the instanton measure for the quiver gauge theory, one
wishes to take the Zs-invariant part of this. The term Ty.# (k,n)%3 just splits as the sum of the
three vector multiplet contributions for gauge groups U (n;), i = 0,1,2 (in the setup of the previous
chapter, where N is chosen to be a multiple of the regular representation, ny = n; = np, = n, but
we continue to use the subscripts to distinguish the vertices). This is the same as a single vector
multiplet for the gauge group U(ng) x U(ny) x U(ny). In this theory there are three instanton

counting parameters, one for each U (n;) factor of the gauge group, called qo,q1,>-

q3 carries the defining representation of Z3, due to the transformation rule for the matrices B3 4.

This term becomes (the index i is understood mod 3):
(¢3Ta A (k)™ = q3 ) INK? 1+ q102KiNF = (1= 1) (1= g2) KiK' ) (5.61)
i=0

This represents the contribution of a matter field coupled to both gauge groups U (n;) X U (n;+1). To
understand this more, we decouple two of them, say U (ng) and U (n;) by sending their couplings

to zero. This kills all the instanton contributions, so that one sets Ky = K> = 0. The contribution

2With the mass of the adjoint hypermultiplet turned on, the appropriate name for it is the ./ = 2* theory since the
)-background in the 34 directions breaks the .4~ = 4 supersymmetry to .4/ = 2.
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which remains is (for simplicity we also take the massless limit back to .4~ = 4 so that g3 = 1):

N()KiI< +Q1QQK1N;. (5.62)

This is exactly the contribution of ny hypermultiplets in the antifundamental representation of
U (n1), and ny hypermultiplets in the fundamental representation. The mass parameters are identi-
fied with the Coulomb moduli for the frozen gauge groups. The flavor symmetry can be thought of
as the global part of a non-dynamical gauge group. The extra factor g g, can be absorbed by shift-
ing the mass parameter by an amount € + &-the convention for whether or not the fundamental

contribution includes A?C? differs in various places in the literature.

Thus, in the full orbifold theory (without decoupling the other gauge groups), the matter content
consists of fields in the fundamental representation for U (n;) and the antifundamental of U (n;1).
This reproduces what was found in the previous chapter using the explicit Lagrangian description

of the theories.
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CHAPTER 6: CROSSED INSTANTONS AND ¢gq-CHARACTER

With the preliminaries finally in place, in the present chapter we exposit the theory of gg-characters.
We begin with their geometric origin from moduli spaces describing intersecting branes in string
theory, generalizing the ADHM construction discussed in the previous chapter. We then present
the formula for the characters in a number of theories, and explain their relation to Nakajima
quiver varieties. We briefly discuss the relation of the gg-characters to quantum integrable systems,

specifically the illustrative case of Toda chain and .4 = 2 pure supersymmetric Yang-Mills theory.

qq-characters from Intersecting Branes

In the previous chapter, it was observed that instanton calculus in quiver gauge theories is most
conveniently organized via a set of generalized ADHM data (B, By, B3,Ba,I,J) describing D(—1)-
branes moving in the background of a stack of D3 branes in string theory (for nontrivial ADE quiver
gauge theories, one must additionally consider the geometry transverse to the D3 branes to be a
C2 /T orbifold singularity). The B, matrices, for a = 1,2,3,4, describe the coordinates of C* as
seen by the D(—1) branes. To preserve symmetry between the 12 and 34 directions, it is tempting
to introduce another stack of D3 branes along the 34 directions, which intersect the original stack
transversely at the origin of C*. If the number of D3 branes along the 34 directions is w, then one

augments the generalized ADHM data with yet another vector space W = C", and two more maps
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[:W — K,J:K— W. Then one imposes the following set of equations on these matrices:

[B1,B] +1J + ([B3,B4] + 1)) =0
[B1,B4] + [B2,B3] =0
[B1,B3] + [B4,B2] =0
Byl +BlJ =0
Byl —BJJ =0 (6.1)
Bi+BLJ =0
BBl =0
JI-T'J" =0

[Bl,B” + [32,33} n [33,3'3"} n [34,31] It I T - T = g

The solutions are considered modulo the action of U (K). It is useful for later purposes to relabel the
vector space K and K, and write its dimension correspondingly as k. Then the space of solutions to
the above equations is denoted Z(k’ N, w), and it is called the moduli space of crossed instantons
[41], “crossed" referring to the configuration of D3 branes. By examining these equations one sees
that the virtual or expected dimension of the space is —2nw, a negative number. It will be important

later that this is independent of k.

A similar argument as in the case of the generalized ADHM construction for the .#” = 4 theory
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yields the following holomorphic description of the space of crossed instantons:

[B1,B3] = [B1,B4] = [B2,B3] = [B2.Bs] = 0

[B1,B2] +1J = [B3,B4] +1J =0

B3l = B4l =0
JB3; =JBs =0 (6.2)
B I=B, =0
JB =JB, =0

C[B1,B2)I(N) +C[B3,B4)I(W) =K’

modulo GL(K'). The space .# (k',n,w) is in general a complex variety which is singular and
consists of various components of distinct dimensions. In this way, its smoothness properties
resemble the moduli space of stable maps [25]. The group GL(N) x GL(W) x (C*)? acts on this
space, and one can work equivariantly with respect to this action to define integration over this
space, by taking the equations above to define a particular virtual fundamental cycle against which
one can integrate using equivariant localization. The most succinct definition of the gg character

is then the equivariant integral of 1, in the sense defined in the previous chapter:

Z2)=Y ¢ / 1. (6.3)
< > Z [///(k’,n,w)]"ir

k'>0

This is referred to as a gg-character of type XO_ Since no orbifold is performed along the 34
directions, this computes a quantity relevant to the .4~ = 2* theory. Since the second stack of branes
transversely interesects the original stack of branes, by integrating out the degrees of freedom
coming from the second stack one obtains a local observable in the gauge theory on the stack of
D3 branes spanning the 12 directions, which is why the above quantity is written as an expectation

value of the gg-character observable. What follows will be dedicated to unraveling this definition to
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obtain more useful information, by integrating out the second stack of branes directly. Performing

an orbifold along the 34 directions produces the gg-characters relevant for quiver gauge theories.

A special C* action

The group GL(N) x GL(W) acts on the moduli space of crossed instantons, in particular its sub-
group C* x C* C GL(N) x GL(W) acts on this space. It is easy to see that the diagonal C* group
acts trivially on the moduli space, while the anti-diagonal C* acts nontrivially and reflects the
coupling of the instantons on each worldvolume to the other. To make better sense of the definition
of the gg-character, it is useful to first localize the integral (6.3) with respect to this C* action, and
then analyze the rest of the symmetries of the problem. The variable x € C is introduced as the

equivariant parameter for this C* action.

The fixed points of the anti-diagonal C* action have the following structure, as is readily verified.
The vector space K’ splits as a direct sum, K’ = K @V, and one can choose K to be a trivial
representation of C*, and V to carry the defining one-dimensional representation (with multiplicity
dimV), so that the elements of V are scaled uniformly by ¢*. Likewise, N transforms trivially and
W is scaled by ¢* under the C* action. The quotient is taken with respect to the subgroup of GL(K")
preserving the decomposition K’ = K &V, which is GL(K) x GL(V). Then the holomorphic
crossed instanton equations (6.2), with this decompositon of K’ and quotiented by GL(K) x GL(V),
imply that the matrices (By,B5,1,J) define a U (n) instanton of charge k = dim K, and the matrices
(B3,B4,1,J) define a U(w) instanton of charge v = dimV. The fixed point set of this C* action

sits inside of the crossed instanton moduli space as

MK nw) D || A (k) x A (v,w). (6.4)
k' =k+v
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Localization allows the integral (6.3) to be reduced to a sum of integrals over products of two
instanton moduli spaces, and the gg-character observable itself .2 (x) is defined by integrating
the class 1 along the fiber of the projection to .# (k,n), in the equivariant sense. This is the
precise mathematical statement corresponding to “integrating out the other stack of branes". Note
in particular that the gg-character depends on the complex parameter x, and will eventually depend
on the rest of the equivariant parameters associated to the maximal torus of symmetries acting on

the moduli space .Z (v, w).

Partial Localization

We now carry out this localization explicitly. The result is an expression for the gg-character of

type Xo. First, the Atiyah-Bott theorem yields

1

| = / o
K =k—+v M (k) x M (viw) €T (NVlr)

/ o ‘ (6.5)
[///(k/’n’w)]vu

Here, T denotes the maximal torus of symmetries, and NV'' € Ky (. (k,n) x .4 (v,w)) is a class
in the equivariant K-theory of the fixed locus known as the virtual normal bundle. It is defined by

the relation (once again in equivariant K-theory):
TV =T (k,n) + T (v,w) +N'T (6.6)

where TVI" is the virtual tangent space, defined as the alternating sum of the cohomologies of the
deformation complex associated to the equations (6.1). Once again, because the equations are non-
holomorphic and carry a nontrivial obstruction bundle, the obstruction bundle requires a choice of

orientation which leads to difficulties with signs, which we again suppress. By a computation
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identical to those of the previous chapter, one computes, for the real virtual tangent space,

W =(q;'+a " +a3' +q, DK'K* +K'N* + ¢, 'q; 'NK™ + K'W*
a3 'ay' WK —(q7'ay oy 'y Hay g VKK — (g5 + g DK'NT (67)

— (g7 "+ DKW — g1 g5 'NW* —K'K™ + c.c.

Inserting K’ = K + ¢V to extract N'', one finds after some calculation (and fixing an orientation

for the obstruction bundle)

TV = (1—q3)T A (k,n) + (1 — )T A (v,w) — 126" S*€ (6.8)
where we have defined

T .M (k,n) = NK* +q1q2KN* — (1 —q1)(1 — q2)KK*
T M (v,w) =WV + qaqaVW* — (1 —q3) (1 —qq)VV* 69)
S=(1-¢q1)(1—g2)K—N

C=(1-q3)(1—qu)V—W.

€ is the equivariant K-theory class associated to the tautological complex on .# (v,w). From the

above, the virtual normal bundle is calculated as
NV = — 3Tl (ko) — o T A (v,w) — q1G2€°S™E . (6.10)

This allows one to write

qu,/ Jvir Z Cl / M (kn)x A (v, )683(T%(k’n))csz(T%(V’W))CHS(S*%)-

k>0 k+v>0
(6.11)



We have defined € := € + &. By noting that the Chern polynomial of 7./ (k,n) defines the

instanton measure in the theory, pulling out this factor one arrives at

Zi(t) =Y " /%(V T A m))ecie(5°6). 6.12)

v>0

Note that this has reduced the somewhat formal equivariant integral against [.# (k',n,w)]" to a
tractable object. Note also that S* is the K-theory class defining the Y-observable upon taking the
Chern polynomial, so this object can be interpreted as a certain Laurent series in Y (x), and defines
a special x-dependent equivariant cohomology class of the instanton moduli space. It can then be
integrated over the space ./ (v,w) by a further localization computation, an issue to which we

return later.

Compactness Theorem

The main result of [41] is that as the parameter x € C is varied, the fixed point set in the moduli
space of crossed instantons of the torus action remains compact. This implies that the expectation
value (%, (x)) has no poles as a function of the parameter x. This is, at last, the counterpart of
the loop equation in the matrix model. Z,(x) is a combination of ¥-observables which has no
poles as a function of x, which allows one to fix its analytic behavior by considering limits as
x — oo. This is the source of essentially all interesting applications of the gg-characters, as will be
explained shortly. We turn presently to the generalization of this construction to arbitrary quiver

gauge theories.
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qq-characters in Quiver Gauge Theories

Because of the ability to construct quiver gauge theories by considering D-branes at a singular
locus C? /T, the gg-characters for the quiver theories (of type ADE) can be obtained via orbifold
projection of the moduli space of crossed instantons, by restricting to the fixed locus of the T’
action. The virtual tangent space 7" must be replaced by its I'-invariant piece. For the term

(1—q3)T.# (k,n), this simply defines the instanton measure of the associated quiver gauge theory.

The I'-fixed part of the moduli space Z(v,w) describes the moduli space of instantons on an ALE
space of the same ADE type as I', as explained in [26], [12]. This space may be given a quiver
description, as a so-called Nakajima quiver variety [34]. Denote the quiver variety by IMy(v,w),
where v and w “fractionalize" into vectors v, w, with Vert, components where Y is the graph
underlying the quiver, which is the affine Dynkin graph of corresponding ADE type. Then the

qq-character in the corresponding ADE quiver gauge theory is

2y =Y T o /Wv,w) CSZ(T]MY(V,W))CHE( a5 s;%,-). (6.13)

v i€Verty i€Verty

S; and €; denote the pieces of S and ¢ valued in each irreducible representation i € Vert, which
correspond to vertices of ¥ via the McKay correspondence, but they admit a definition purely in
terms of the underlying quiver y and its path algebra. With this in mind, it becomes clear that
this formula does not depend on the fact that 7y is an affine Dynkin graph of type ADE, so it can
be generalized to arbitrary quivers. It is Nekrasov’s eq. 194 in [40], in the case where there are
only bifundamental hypermultiplets and no fundamental hypermultiplets at nodes (these can be
engineered if desired by starting with bifundamental hypermultiplets and decoupling some gauge

group nodes, so that the decoupled nodes become flavor symmetries).

We now turn to the explicit computation of gg-characters in examples. We consider the case of
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qq-characters for arbitrary w in quiver gauge theories of type A; and the fundamental gg-characters
(a name to be explained below) of type A,. The explicit formulas will illustrate the nomenclature
attached to these observables. The gg-characters are usually infinite sums in Y-observables that
define Laurent series, but for simplicity in the examples we consider they will always reduce to

finite sums.

qq-characters of Type Ay

To obtain the A| quiver variety, we can take the Z3 orbifold projection of .# (v/,w') and set two
of the three V-spaces to zero. The resulting space is the space of pairs (7,J) € Hom(W,V) @
Hom(V,W) such that I/ = 0, subject to the stability condition that [ is surjective. This space is

isomorphic to T7*Gr(v,w), and thus is nonempty only for 0 < v < w.

Denote the equivariant parameters for the GL(W ) action in the vector space W by (vi,...,V,,), and
write v := diag(Vy,..., V). Since J also scales under (C*)3 as J — ¢3 'q; 'J = q1¢2J, the fixed

points of the torus action on this space are characterized by the existence of a g € GL(V) such that

gle ™V =1
(6.14)

qig2e"Jg ' = 1.
These equations imply that J = 0, and that V admits a decomposition V = @ jesVj, where each
V; has eigenvalue v; under v, and J C {1,2,...,w} is a subset of cardinality v. It is convenient to
introduce the notation [w] for the set {1,2,...,w}. Thus the fixed points of the torus action on this

space are labeled by subsets of size v of a set of size w. If we write M (v,w) = T*Gr(v,w) for the
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quiver variety, the character of the tangent space at a fixed point may be easily computed as

TM(v,w) =WV*+4; g, VW —VV* =g g Vv = Y (e Y 4 g1 g5 e V). (6.15)
iel
jeJ

In this sum, / denotes the complementary subset to J, such that /11J = [w].

Likewise, for the tautological complex in this case one finds

C=V+q,'q;'V-W=Y q7'q5'e" =) e". (6.16)
jeJ i€l

Taking into account carefully the contributions of the decoupled nodes to @ieVenyS?%, and shifting

the mass parameters appropriately, one has in the limit Ay — Ay,

P Si6—SC +q;'q; VM (6.17)

i€Verty

where M is the multiplicity space, which decomposes with respect to the maximal torus of fla-
vor symmetry into eigenspaces with eigenvalues ¢, i = 1,...,2n (in other words, one has 2n

fundamental hypermultiplets), and % (no subscript) is as above.

With these preliminaries in place, one can easily compute the following integral by localization:

/ oy Cer(TMO ) erse (876 + €V
M(v,w

(Vi—vj+&)(vi—vi—&) P(x+vj) (6.18)
- Y(x+e+v; - /7
T e I
Jl=v

In this equation, P(x) = [T2*, (x —m;) is a polynomial encoding the mass parameters. Introducing
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the function

E £
S(x) = ZH )+ &) 6.19)
x(x+¢€)
the gg-character of type A may be written
Ze()= Y "' [ratretvi) [l 5 HV’ HS (6.20)
- Y(x+v;
ILJ=[w] i€l jeJ J i€l
jeJ
In the case w = 1, one obtains the so-called fundamental gg-character of type A;:
P(x)
Z1(x) =Y — 6.21
(%) =Y (rte) Tagrs (6.21)

and the compactness theorem mentioned above implies (27 (x)) has no singularities in x. Com-
bined with the asymptotics of Y (x) for x — oo, one concludes this expectation value is a degree
n polynomial in x. In the limit of vanishing ()-background parameters, this encodes the Seiberg-
Witten curve of .4~ = 2 supersymmetric Yang-Mills theory with gauge group U (n) coupled to 2n
hypermultiplets in the fundamental representation (that is, the A; quiver gauge theory). To recover
the pure Yang-Mills theory, one can decouple the hypermultiplets by sending their mass to infinity,
while sending q — 0 keeping fixed the quantity A" = q Hizi] (—m;). In this way, one reproduces

the Seiberg-Witten curve for pure Yang-Mills obtained in the previous section.

Note that the gg-character (6.20) provides an answer to the question posed in the introduction, as it
may be expressed in terms of the geometry of the quiver variety via the integration formula (6.13).
The gg-characters resemble characters of representations of sl,, but are deformed by the various

parameters €,m, V.

83



Fundamental qq-characters of Type A,

Let us generalize from the case A to the case of A, quiver theories, but consider only the funda-
mental gg-characters. These are the characters associated with quiver varieties M (v, w) of type A,,
where w has only one nonzero component, which is 1. Note that v, w are r-component vectors. The
quiver variety can be obtained by taking a Z,, orbifold projection of .# (v/,1) and decoupling
the vertices associated to the 0 and r + 1 representation of Z, . In fact, these quiver varieties turn
out to be merely points, but nonetheless the gg-characters are nontrivial. V decomposes into vector
spaces V;, i = 1,...,r labeled by the nodes of the A, quiver, and there is a one-dimensional vector
space Wy = C at the /-th node, for some 1 < ¢ < r; the corresponding dimension vector is denoted

Wy.

Consider the torus fixed points on %(v’ , 1), that is to say, Young diagrams. Because the matrices
B3 4 map the V; spaces into one another, it is easy to see that the fixed points on the quiver varieties
M (v,w,) correspond to partitions of length at most ¢, that is, Ay > A, > --- > A, > 0, with 4; <

r+ 1 —£. The map from the partition A; to the sequence of numbers a; given by

ai=A—i+/{ (6.22)

maps the set of partitions of length < ¢ and A; < r+ 1 — £ to sequences (a;);—1..._ of integers such

.....

that r > a; > ap > --- > ay > 0. These can be equivalently identified with subsets I C {0, 1,...,r}

with 1| = /.

Because of the Z,, orbifold procedure, the objects S and € split as S;, %;, fori = 1,...r. One
can write Yp(x) = P(x) and Y, (x) = P.(x) for the polynomials P ,(x) encoding the masses of
the fundamental hypermultiplets attached to the first and r-th nodes. The other S; produce the

observables Y;(x) associated with each U(n) gauge group attached to a node of the A, Dynkin
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diagram. One has the formula
€ =Vi—q3Vic1 — qaVit1 + q3q4V; — W, (6.23)

It is convenient to change notation and use the index o € Verty to label the objects Sy and 6y,
associated to the vertices. Then one has, upon setting g4 = ql_lqz_ ! g3 = 1 (which can always be

assumed up to a shift of some hypermultiplet mass):

P Siba= P —Si(Var—Va)+4a;'a," S (Va —Var1) — SiWe (6.24)

o€ Verty o€ Verty

With this choice of ¢3, g4 parameters, introducing the shorthand g, := ¢1¢2, one has

Va= Y a5’ (6.25)
(i,j)er
l+j—i=a

Ve is expressed as a sum over boxes in the Young diagram, and in the above equation, /+ j —i = &

is understood as holding mod r + 2. One has the following elementary combinatorial identity:

4

Vo —Vas1 = Y (415 ' 8ana — 415 Sr—ia)- (6.26)
i=1

Substituting this into the above equation, one finds

¢
P Sua= @(Q%EZSZH—;‘ - q%Z_lSZ,-—H + 41280, —41251-) = Si

o€ Verty i=1

(6.27)

¢
_ _ )
= P (a12Ss, — 412" Sh11) — 41250
i=1

This expression is desirable because it clarifies the way the expression on the left hand side decom-

poses into classes of the Y-observables, which enables one to find the gg-character as an explicit
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Laurent series in Y'’s.

What remains to determine is the class of the tangent space T]M(v, Wg), which can be obtained as
the Z., »-invariant part of the tangent space T.# (v',1). From the combinatorial formula (5.30),

one has, at the fixed point corresponding to the Young diagram A

AV, 1) =Y (g4 1 g, DO, (6.28)
OeA

Taking the Z,,-invariant piece means that the only boxes which may contribute are those with
hook length 2((J) = 0 mod r + 2. However, because the partitions A are of length < ¢ and have
M < r-+1—1/, the hook length of every box satisfies the bounds 1 < h(D) < r, sO0 no boxes
contribute. From this, one concludes that the quiver variety IM(v,w;) must be of dimension

zero. Since it is known that Nakajima quiver varieties are smooth and connected, it follows that

M(v,w;) = {pt}.

Since the quiver varieties are just single points, the integral in (6.13) becomes rather trivial and the
main objective is to compute the virtual Chern polynomial of @aeVertyS 0. Co. If the fixed points are

indexed by the sequences r > a; > ap > --- > ay > 0, then one has for the gg-character

LY, 1(x+(2—i)e)
Ly (x) = Yo(x+ (14 w15 Ne) 629
w=ner0-09L T 1510, ©2)

Now one observes that

‘
IT a6 = (da9a,-1---90) (day - Ge=1) - (Gap---a1) = [J(d192- - 4a) X == (6.30)
ae Verty i=1 Hi:l Cl,-
It is thus natural to introduce r + 1 (redundant) variables z;, i = 0,1, ..., via
Zi = 209192 - - - 9i- (6.31)
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In terms of these variables, the gg-character becomes

L, (x) = YO(:)Z (- ZHa, “’*Ll?;((ll ))8 J)“”. (6.32)

To complete the simplification of the expression, define the functions (fori = 0,...,r)
Ax) :Z'Yiﬁ-l(x"i_e) (6.33)
l 1 YI(X) .

and for a finite set /, define the height function /; : I — Z by h; (i) = #{j|j < i}, so that in particular

for I = {ay,ay,...,as}, hj(a;) = £ —i. Then one has

Yo(x+ (1—£)e)

T, (x) = Y, [JAGA+ (i) —+1)e). (6.34)
L0ZL---2l=1  Jcr0],...r} i€l
[1|=¢

This is exactly the formula presented in [40], see eq. 160-161. It is a deformed version of an
elementary symmetric polynomial in the A; variables, which is the same thing as a character of the

representation A‘C’+! of SL(r+ 1,C).

First Application: Seiberg-Witten Geometry of Quiver Gauge Theories

Equipped with the fundamental gg-characters of type A,, it is simple to characterize the Seiberg-
Witten geometry of these gauge theories. Let 27 (x) denote the ¢-th fundamental gg-character of
type A,. The compactness theorem implies that (27 (x)) is nonsingular in x, and by considering
the growth at large x one concludes that it is a polynomial. Introduce the expectation values y; =
(Y;(x)) of the Y-observables, where i = 1,...,r. In the limit £, — 0, the expecation values of

qq-characters become Laurent series in y; variables, and the nonperturbative Dyson-Schwinger
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equations become

Xe(x,yi) = Ty(x) (6.35)

for 1 < ¢ <r, for some polynomials 7;(x). This is a set of r independent algebraic equations on the
r+ 1 variables (x,y1,...,y,), and therefore defines an algebraic curve. This is the Seiberg-Witten
curve of the quiver gauge theory, in the description of Nekrasov and Pestun [46]. This is in fact a
general phenomenon: for a quiver gauge theory of type ADE, finite or affine, the Seiberg-Witten
geometry is determined by the fundamental characters of the corresponding ADE group, in the
same manner as above. The gg-characters provide a general context for this phenomenon, as they
are constructed at arbitrary values of the ()-deformation parameters, while the ordinary characters
and Seiberg-Witten geometry emerge only in the flat space limit. See the paper [46] for a very

detailed analysis of the geometry and physics of these Seiberg-Witten curves.

Application: Wavefunctions of Quantum Integrable Systems

It is also possible to use the theory of gg-characters to make contact with quantum integrable
systems. In [48], the authors showed that if one considers .4 = 2 supersymmetric gauge theories in
the special ()-background where € is fixed but €&, — 0, then the Seiberg-Witten geometry becomes
quantized, with the parameter €| playing the role of Planck’s constant. Using the well-known link
between Seiberg-Witten theory and integrable systems [21], this provides a mechanism for the
quantization of integrable systems using instanton calculus in four-dimensional gauge theory. By
introducing a defect supported along a surface into the gauge theory, one is able to produce a
wavefunction of the quantum integrable system. The gg-characters in the presence of these defect
operators allow one to concretely realize these statements. For this section, consider pure ./ =2

super-Yang-Mills with gauge group U (n) for simplicity.

One way to generate a surface defect in gauge theory is to place the theory on an orbifold [44].
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For z = (z1,22) € C2, consider a surface defect placed along zo = 0, so that the worldvolume of
the defect is the z; plane. We consider placing the theory on a Z, orbifold for some p: we identify

72 ~ @z, for w a primitive p-th root of unity.

On the orbifold, which has fundamental group Z,,, there is now room for an instanton gauge field

to approach a nontrivial flat connection at infinity, so there is a decomposition

N =PN;®R; (6.36)
J
where R, j = 0,...,p — 1 are the irreducible representations of Z,, and N; is a multiplicity space.
The index j is considered mod p. In the representation R, the generator @ is sent to w’. Likewise,
there is a decomposition

K=K, ®R;. (6.37)
j

The choice of flat connection (decomposition of N) specifies the surface defect. The case of interest
to is when p = n and N is the regular representation, so that dimN; = 1 for each j. For this reason,
the surface defect is known as the regular defect. The partition function in the presence of the
defect is denoted by Y. Due to the above decomposition of the vector space K, the instanton
counting parameter q also fractionalizes into parametrs ¢;, which are interpreted as moduli of the

surface defect, and on which the surface defect partition function depends.

Since ¥ = [E[e*S"], the decomposition S = &;(S; ® R;) allows one to introduce ¥;(x) = E[e*S}]-
thus, the Y observable fractionalizes in the presence of the defect. The original Y-observable is
given by Y (x) = [];Y;(x). It is possible to go back through the derivation of the gg-character

observable in the presence of a defect, and one finds for the pure .#” = 2 theory that the expression

1
<Yg+](x+8) +qam> (6.38)
7
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has no poles for any x € C, where the index ¢ runs from 1 to n and is considered modulo n. The
subscript signifies that we take the expectation value in the background of a defect; in other words

using the orbifolded instanton measure.

The change of variables q; = A%¢* 1 is convenient. Taking the coefficient of x~! of the equation

above says that the quantity

2
£
€1(0r— op1 + €2k¢) + 71[(/% —kpy1)? ke — ko 1) —apy 1€ (ke — ko) + (6.39)

has vanishing expectation value. The variables k; are the instanton charges associated with each
representation of Z,, in other words the instanton contributions are weighted as [], q][f‘. oy isa
complicated object, the details of which we suppress. Summing over ¢ (recalling that it is consid-

ered modulo n) one has

e2
_1

e1& Y (ke)v +
7

Z (ke —ke1)*)r — 81Za4+1 (ke—ker1)).or + Y qe(l) s =0.  (6.40)
7 7

The surface defect partition function is a function ‘I’(A,xl, XA, ,an,el,sz). In terms of

these variables one has, as is easily verified by considering the orbifolded instanton measure,

8‘I’
<Zk£>,5ﬂ 2 8A
(6.41)
oY
(ke —keg1)).r = ™
so that one is left with
1 81 ap+1 1 2 2 Xp—Xp_1 _
( 8162/\ —+2 Z(aw 5 > 2;a€+A ;e ¥ —0. (6.42)
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Now we take the limit & — 0 and substitute in the expected asymptotics

4y 1

en" (y 1 0(ey)

‘I’NHe
14

to find

8_1228_2+A226X/4xe—1 v=Ey
2 & 0x; 7

where

1 2 8] 3W
E=-Ya—2AZ
2;6‘@ 2 9A

(6.43)

(6.44)

(6.45)

(6.46)

This establishes that the function y is a wavefunction of periodic Toda chain. The quantity W is

the effective twisted superpotential introduced in [48], and it determines the exact energy levels of

the quantized integrable system. These manipulations illustrate the utility of gg-characters, as the

qq-characters in the presence of surface defects are able to allow one to construct wavefunctions

of nontrivial quantum integrable systems.

The applications of the gg-characters that we have presented only scratch the surface of the theory.

Readers are directed to [43], [49] for more, in particular in connection with the so-called BPS/CFT

correspondence relating the BPS sector of .4~ = 2 gauge theories to two-dimensional conformal

field theories.
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CHAPTER 7: CONCLUSION

In this thesis we have reviewed some of the modern developments in instanton calculus in 4" =2
supersymmetric gauge theories. We surveyed the background material, both the results from matrix
models which helped to inspire these developments as well as the basics of modern instanton
calculus, including the ADHM construction, partial compactification of instanton moduli spaces,
and the ()-deformation. We then explained, using motivation from string theory, the moduli space
of crossed instantons and provided first-principles calculations of the gg-character observables in
gauge theory. These techniques allowed us to give short and direct derivations of the Seiberg-
Witten geometry of all theories under consideration, in a manner that paralleled the large N limit

of matrix models. We also briefly sketched a relation to the theory of quantum integrable systems.

It would be interesting to attempt to extend the philosophy of nonperturbative Dyson-Schwinger
equations beyond the realm of supersymmetric theories, as a way to study symmetries of more
interesting quantum field theories such as pure Yang-Mills. However, this is likely to be extraordi-
narily challenging. It would also be interesting to consider in more detail the Yangian symmetries
which underlie the gg-characters; as explained in an early chapter, these symmetries can arise in
geometric representation theory and one has an explicit description of the action of the algebra on
the cohomologies of quiver varieties. While the gauge theory calculations hint at their presence
via the gg-characters, there is (at least as far as the author knows) no direct construction of the ac-
tion of these algebras on the quantum field theory in question. It could be rewarding to attempt to
pursue this direct construction. Nekrasov’s localization technique can also be generalized beyond
the realm of four dimensional instantons, to consider counting supersymmetric configurations in
various theories of various dimensions (the localization calculations in Donaldson-Thomas theory
[30], [31] can be interpreted as a six-dimensional version of instanton counting, for example). Per-

haps there is an analog of gg-characters in all of these “BPS state counting" theories that organizes
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non-obvious symmetries hiding behind the partition functions.

93



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Bibliography

M. F. Atiyah and R. Bott. “The moment map and equivariant cohomology”. In: Topology

23.1 (1984), pp. 1-28.

M. F. Atiyah et al. “Construction of instantons”. In: Physics Letters A 65.3 (1978), pp. 185—
187.

N. Berline and M. Vergne. “Classes caractéristiques équivariantes. Formule de localisation
en cohomologie équivariante”. In: C. R. Acad. Sci. Paris Sér. [ Math. 295 (1982), pp. 539-
541.

R. Bott. “Homogeneous Vector Bundles”. In: Annals of Mathematics 66.2 (1957), pp. 203—
248.

S. Cordes, G. Moore, and S. Ramgoolam. “Lectures on 2D Yang-Mills theory, equivariant
cohomology and topological field theories™. In: Nuclear Physics B - Proceedings Supple-

ments 41.1 (1995), pp. 184-244.

E. Corrigan and P. Goddard. “Construction of instanton and monopole solutions and reci-

procity”. In: Annals of Physics 154.1 (1984), pp. 253-279.

P. Deligne and D. S. Freed. Supersolutions. 1999. DOI: 10 . 48550 / ARXIV . HEP - TH/

9901094. URL: https://arxiv.org/abs/hep-th/9901094.

R. Dijkgraaf and C. Vafa. “Matrix models, topological strings, and supersymmetric gauge

theories”. In: Nuclear Physics B 644.1 (2002), pp. 3-20.

S. K. Donaldson. “An application of gauge theory to four-dimensional topology”. In: Jour-

nal of Differential Geometry 18.2 (1983), pp. 279-315.

S. K. Donaldson. “Instantons and geometric invariant theory”. In: Communications in Math-

ematical Physics 93.4 (1984), pp. 453—460.

94


https://doi.org/10.48550/ARXIV.HEP-TH/9901094
https://doi.org/10.48550/ARXIV.HEP-TH/9901094
https://arxiv.org/abs/hep-th/9901094

[11] M. Douglas. Branes within Branes. 1995. arXiv: hep-th/9512077 [hep-th].

[12] M. Douglas and G. Moore. D-branes, Quivers, and ALE Instantons. 1996. arXiv: hep -

th/9603167 [hep-th].

[13] J. Duistermaat and G. Heckman. “On the Variation in the Cohomology of the Symplectic

Form of the Reduced Phase Space.” In: Inventiones mathematicae 69 (1982), pp. 259-268.
[14] B. Eynard. Counting Surfaces. Progress in Mathematical Physics. Springer Basel, 2016.
[15] B.Eynard, T. Kimura, and S. Ribault. Random matrices. 2018. arXiv: 1510.04430 [math-ph].

[16] B. Eynard and N. Orantin. “Invariants of algebraic curves and topological expansion”. In:

Communications in Number Theory and Physics 1.2 (2007), pp. 347-452.

[17] W. Fulton and J. Harris. Representation Theory: A First Course. Graduate Texts in Mathe-

matics. Springer New York, 1991.
[18] D. Gaiotto. “.#" = 2 Dualities”. In: Journal of High Energy Physics 2012.8 (2012).

[19] D. Gaiotto, G. W. Moore, and A. Neitzke. “Wall-crossing, Hitchin systems, and the WKB

approximation”. In: Advances in Mathematics 234 (2013), pp. 239-403.

[20] D. Gieseker. “On the Moduli of Vector Bundles on an Algebraic Surface”. In: Annals of

Mathematics 106.1 (1977), pp. 45-60.

[21] A. Gorsky et al. “Integrability and Seiberg-Witten exact solution”. In: Physics Letters B

355.3-4 (1995), pp. 466-474.

[22] P. Griffiths and J. Harris. Principles of algebraic geometry. Wiley classics library. New York,
NY: Wiley, 1994.

[23] K. Hori et al. Mirror symmetry. Vol. 1. American Mathematical Soc., 2003.

[24] E. Kiritsis. String theory in a nutshell. Vol. 21. Princeton University Press, 2019.

95


https://arxiv.org/abs/hep-th/9512077
https://arxiv.org/abs/hep-th/9603167
https://arxiv.org/abs/hep-th/9603167
https://arxiv.org/abs/1510.04430

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

M. Kontsevich. “Enumeration of Rational Curves Via Torus Actions”. In: The Moduli Space
of Curves. Ed. by R. H. Dijkgraaf, C. F. Faber, and G. B. M. van der Geer. Birkhduser

Boston, 1995, pp. 335-368.

P. Kronheimer and H. Nakajima. “Yang-Mills instantons on ALE gravitational instantons”.

In: Mathematische Annalen 288.1 (1990), pp. 263-307.

B.F Logan and L.A Shepp. “A variational problem for random Young tableaux”. In: Ad-
vances in Mathematics 26.2 (1977), pp. 206-222.

A. Losev, N. Nekrasov, and S. Shatashvili. “The Freckled Instantons”. In: The Many Faces
of the Superworld: Yuri Golfand Memorial Volume. Ed. by M. Shifman. World Scientific,

2000, pp. 453-475.

M. Marifio. Chern-Simons Theory, Matrix Models, and Topological Strings. International

series of monographs on physics. Clarendon Press, 2005.

D. Maulik et al. “Gromov-Witten theory and Donaldson-Thomas theory, I”’. In: Compositio

Mathematica 142.5 (2006), pp. 1263—-1285.

D. Maulik et al. “Gromov-Witten theory and Donaldson-Thomas theory, II”’. In: Compositio

Mathematica 142.5 (2006), pp. 1286—-1304.

C. Montonen and D. Olive. “Magnetic monopoles as gauge particles?” In: Physics Letters

B 72.1 (1977), pp. 117-120.

V. P. Nair. Elements of Geometric Quantization and Applications to Fields and Fluids. 2016.

arXiv: 1606.06407 [hep-th].

H. Nakajima. “Instantons on ALE spaces, quiver varieties, and Kac-Moody algebras”. In:

Duke Mathematical Journal 76.2 (1994), pp. 365-416.

H. Nakajima. Lectures on Hilbert Schemes of Points on Surfaces. University lecture series.

American Mathematical Society, 1999.

96


https://arxiv.org/abs/1606.06407

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

H. Nakajima. Introduction to quiver varieties — for ring and representation theoriests. 2016.

DOI: 10.48550/ARXIV.1611.10000. URL: https://arxiv.org/abs/1611.10000.

Hiraku Nakajima. Quiver varieties and finite dimensional representations of quantum affine
algebras. 1999. DOI: 10.48550/ARXIV.MATH/9912158. URL: https://arxiv.org/abs/

math/9912158.

N. Nekrasov. “Trieste Lectures on Solitons in Noncommutative Gauge Theories”. In: Su-
perstrings and Related Matters: Proceedings of the Trieste 2000 Spring Workshop On,
ICTP, Trieste, Italy, 27 March-4 April 2000. Ed. by C. Bachas et al. World Scientific, 2001,
pp- 141-205.

N. Nekrasov. “Seiberg-Witten Prepotential from Instanton Counting”. In: Advances in The-

oretical and Mathematical Physics 7.5 (2003), pp. 831-864.

N. Nekrasov. “BPS/CFT Correspondence: Non-perturbative Dyson-Schwinger Equations

and qq-characters”. In: Journal of High Energy Physics 2016.3 (2016).

N. Nekrasov. “BPS/CFT Correspondence II: Instantons at Crossroads, Moduli and Com-

pactness Theorem”. In: Advances in Theoretical and Mathematical Physics 21 (2017), pp. 503—

583.

N. Nekrasov. “BPS/CFT Correspondence III: Gauge Origami Partition Function and qq-

Characters”. In: Communications in Mathematical Physics 358.3 (2017).

N. Nekrasov. BPS/CFT Correspondence V: BPZ and KZ Equations from qq-characters.

2017. arXiv: 1711.11582 [hep-th].

N. Nekrasov. “BPS/CFT Correspondence IV: Sigma Models and Defects in Gauge Theory”.

In: Letters in Mathematical Physics 109.3 (2018), pp. 579-622.

97


https://doi.org/10.48550/ARXIV.1611.10000
https://arxiv.org/abs/1611.10000
https://doi.org/10.48550/ARXIV.MATH/9912158
https://arxiv.org/abs/math/9912158
https://arxiv.org/abs/math/9912158
https://arxiv.org/abs/1711.11582

[45] N. Nekrasov and A. Okounkov. “Seiberg-Witten Theory and Random Partitions”. In: The
Unity of Mathematics: In Honor of the Ninetieth Birthday of . M. Gelfand. Ed. by P. Etingof,
V. Retakh, and I. M. Singer. Birkhiduser Boston, 2006, pp. 525-596.

[46] N. Nekrasov and V. Pestun. Seiberg-Witten geometry of four dimensional N = 2 quiver

gauge theories. 2012. arXiv: 1211.2240 [hep-th].

[47] N. Nekrasov and A. Schwarz. “Instantons on Noncommutative IR*, and (2,0) Superconfor-
mal Six Dimensional Theory”. In: Communications in Mathematical Physics 106.1 (1998),

pp- 45-60.

[48] N. Nekrasov and S. Shatashvili. “Quantization of Integrable Systems and Four-Dimensional

Gauge Theories”. In: XVIth International Congress on Mathematical Physics (2010).

[49] N. Nekrasov and A. Tsymbaliuk. Surface defects in gauge theory and KZ equation. 2021.

arXiv: 2103.12611 [hep-th].

[50] V. Pestun. “Review of localization in geometry”. In: Journal of Physics A: Mathematical

and Theoretical 50.44 (2017).

[51] N. Seiberg and E. Witten. “Electric-magnetic duality, monopole condensation, and confine-
ment in .4~ = 2 supersymmetric Yang-Mills theory”. In: Nuclear Physics B 426.1 (1994),
pp. 19-52.

[52] J-P.Serre. “Linear representations and Kihlerian homogeneous spaces of compact Lie groups™.
In: Bourbaki seminar: years 1951/52 - 1952/53 - 1953/54, exhibitions 50-100. Bourbaki

seminar 2. Talk: 100. Société mathématique de France, 1954.

[53] M. Shifman. Advanced Topics in Quantum Field Theory: A Lecture Course. Cambridge

University Press, 2012.

[54] J. Teschner. New Dualities of Supersymmetric Gauge Theories. Mathematical Physics Stud-

ies. Springer International Publishing, 2016.

98


https://arxiv.org/abs/1211.2240
https://arxiv.org/abs/2103.12611

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

D. Tong. TASI Lectures on Solitons. 2005. arXiv: hep-th/0509216 [hep-th].

L. Tu. Introductory Lectures on Equivariant Cohomology. Annals of Mathematics Studies.

Princeton University Press, 2020.

C. Vafa and E. Witten. “A strong coupling test of S-duality”. In: Nuclear Physics B 431.1-2
(1994), pp. 3-77.

Michela Varagnolo. Quiver Varieties and Yangians. 2000. DOI: 10 .48550/ARXIV . MATH/

0005277. URL: https://arxiv.org/abs/math/0005277.

A. Vershik and S. Kerov. “Asymptotics of the Plancherel measure of the symmetric group

and the limit form of Young tableaux”. In: Soviet Math. Dokl. 18 (1977), pp. 527-531.

E. Witten. “Topological quantum field theory”. In: Communications in Mathematical Physics

117.3 (1988), pp. 353-386.

E. Witten. “Introduction to Cohomological Field Theories”. In: International Journal of

Modern Physics A 06.16 (1991), pp. 2775-2792.

E. Witten. “Sigma models and the ADHM construction of instantons”. In: Journal of Ge-

ometry and Physics 15.3 (1995), pp. 215-226.

N.M.J. Woodhouse. Geometric Quantization. Oxford mathematical monographs. Clarendon

Press, 1997.

A. Zee. Quantum field theory in a nutshell. Vol. 7. Princeton university press, 2010.

99


https://arxiv.org/abs/hep-th/0509216
https://doi.org/10.48550/ARXIV.MATH/0005277
https://doi.org/10.48550/ARXIV.MATH/0005277
https://arxiv.org/abs/math/0005277

	Instanton Counting, Matrix Models, and Characters
	Recommended Citation

	ABSTRACT
	TABLE OF CONTENTS
	LIST OF FIGURES
	CHAPTER 1: INTRODUCTION
	CHAPTER 2: CHARACTERS AND GEOMETRY
	Characters from Quantum Mechanics
	Representation Theory from Geometry

	CHAPTER 3: MATRIX MODELS AND LIMIT SHAPES
	Planar Diagrams and Spectral Curve
	The Spectral Curve and its Moduli

	Reformulation: Loop Equations
	Application to Random Partitions

	CHAPTER 4: SUPERSYMMETRIC GAUGE THEORIES AND TOPOLOGICAL TWIST
	Pure N = 2 super-Yang-Mills
	Topological Twist
	ADE Quiver Gauge Theories

	CHAPTER 5: INSTANTON MODULI SPACES AND LOCALIZATION
	ADHM Construction of Instantons
	Dirac Zero Modes
	ADHM Construction
	Compactness, Singularities and Resolution

	-deformation
	Fixed Points and Weights

	Nekrasov Partition Function and Seiberg-Witten Curve
	The n = 1 Case in Detail
	The Y-observables
	Seiberg-Witten Curve
	Aside: Physics of Seiberg-Witten Solution

	Branes and Generalized ADHM Data for Quiver Gauge Theories

	CHAPTER 6: CROSSED INSTANTONS AND qq-CHARACTER
	qq-characters from Intersecting Branes
	A special C action
	Partial Localization
	Compactness Theorem

	qq-characters in Quiver Gauge Theories
	qq-characters of Type A1
	Fundamental qq-characters of Type Ar
	First Application: Seiberg-Witten Geometry of Quiver Gauge Theories
	Application: Wavefunctions of Quantum Integrable Systems


	CHAPTER 7: CONCLUSION

